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ABSTRACT
There is evidence in  the lite ra tu re  th a t suggests a  possible 
w orthw hile role o f antioxidants du rin g  ath letic  endeavors and exercise 
perform ance. Several studies have evaluated the an tioxid an t ab ility  of 
beta-carotene and dem onstrated a beneficial influence. However, these 
studies have investigated beta-carotene’s effects w ith in  an  antioxidant 
m ixture w hich included other an tio xid an t vitam ins. Consequently, 
this study attem pted to isolate the antioxidant role o f beta-carotene  
during exercise. Three param eters o f beta-carotene influence were 
measured using eleven w ell-trained runners: serum m alondialdehyde 
(MDA) concentration (a m arker o f free rad ical generation). 5 0 0 0  m eter 
race perform ance, and m axim um  oxygen consum ption (V O w ). 
Subjects were tested using a double-blinded cross-over design. During  
the supplem ental phase, each subject ingested 2 5 0 0 0  IU beta-carotene 
daily.
The results indicated th a t the beta-carotene had no statistically  
significant effect on MDA levels o r VOiom- However, there was a  
statistically significant im provem ent in  5000 m eter race perform ance. 
In  addition. 64%  o f the subjects noted a  subjective benefit from  the 
use of beta-carotene supplem entation.
Therefore, results o f this study indicate that beta-carotene can 
provide a  beneficial influence on race performance in  w ell-tra in ed  
runners. However, this investigation d id  not furnish an adequate 
explanation o f the m echanism  by w hich th is  occurs.
x iii
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CHAPTER 1 
INTRODUCTION
The generation o f free rad icals species m ay represent the 
negative side o f exercise. D ata  is accum ulating w hich reveals an  
association between exercise and increased free rad ical form ation. This 
increased production o f free radicals coincides w ith  oxidative tissue 
dam age. This tissue dam age w ill resu lt in im paired functioning of 
various cellu lar and sub cellu lar processes w ith a progression toward 
cell death. Any detrim ental effects w ould be m agnified in  a  physically 
active person. However, it  m ust be kept in  m ind th a t there has been 
no defin itively established lin k  between cellu lar m alfunctioning an d /o r 
death and free radical form ation.
An exercising in d iv id u a l m ust increase the u tiliza tio n  o f 
available oxygen to m ain ta in  adequate oxygenation to the tissues. As 
a consequence of strenuous exercise raising oxygen consum ption, 
there m ay be an associated increase in  free radical production, leading 
to lip id  peroxidation and possible damage [1 ,2 ]. B eta-carotene has 
been shown to possess the a b ility  to quench singlet oxygen as w ell as 
functioning as an an tio xid an t [3, 4 , 5J. This fat-soluble provitam in A  
has been dem onstrated to decrease lip id  peroxidation, attesting  to its  
antioxidant ab ility  [6]. These tra its  would perm it beta-carotene to 
protect cellu lar m em branes and tissues against oxidative damage.
As an antioxidant, 6 -carotene was used in  a few  studies to 
investigate i f  it  could am eliorate exercise-induced lip id  peroxidation  
and skeletal muscle dam age. U nfortunately, because 6 -carotene was
1
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supplied in  a m ixture contain ing other antioxidants, v itam in  C and E , 
it  is d ifficu lt to determ ine if  an y positive result can be ascribed to the 
beta-carotene or the other com ponents. In  one study, supplem entation  
o f 10  mg beta-carotene. 8 0 0  m g vitam in  E, and 1 0 0 0  m g vitam in C 
d a ily  for 2 m onths increased th e  antioxidant po ten tia l o f the blood 
glutathione system, counteracting exercise-induced GSSG (oxidized 
glutathione) elevation and sign ifican tly dim inishing the indicators of 
m uscle damage (plasm a lactate dehydrogenase and creatine kinase) [71
A  sim ilar study w ith  a  higher dose of 1 0 0 0  mg v itam in  E , 1250  
mg vitam in C. and 3 7 .5  mg beta-carotene failed to dem onstrate any 
positive effect on m uscle dam age or lip id  peroxidation indicators [81. 
The authors speculated th a t th e ir exercise regim en o f dow nhill 
runn ing  a t 65% m axim al h eart rate did  not present enough m etabolic 
challenge. Another study w ith  th e  same vitam in m ixture consumed 
d aily  for 5  weeks decreased lip id  peroxidation (m easured by serum  
m alondialdehyde and breath pentane) a t rest and follow ing exercise a t 
6 0  and 90% V O i m a x O n  a  level tread m ill [91. Trying to assess oxidative 
damage to nucleic acids, the u rin ary  output o f 8-hydroxyguanosine 
was studied before and during three consecutive days o f subm axim al 
exercise, w ith and w ithout an tio xid an t supplem entation consisting o f 
daily  doses o f vitam in E 5 5 3  m g, vitam in C 1 0 0 0  mg, and beta- 
carotene 10 mg [ 10 J. No significant differences were noted due to 
exercise or supplem entation.
The equivocal results o f th e  above described in tervention  studies 
stem  from  differences in  m ethodology. The researchers used different 
tests, different levels o f supplem entation, and d ifferent intensities and
2
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durations o f exercise. Nevertheless, there is prom ise in  the antioxidant 
capacity of beta-carotene. w hich should be assessed as a  single 
supplem ent. It  Is possible th a t the antioxidant effects o f beta-carotene 
could serve as an ergogenic aid  to the exercising a th lete .
1.1 P roject R ationale
Supplem entation o f beta-carotene could assist the body’s 
defenses against oxidative damage. It has been dem onstrated th at 
hum ans are endowed w ith  an antioxidant defense system  to combat 
d am agin g  free radicals. These defenses have evolved to a id  the body in  
protecting itself from  the oxygen-rich environm ent in  w hich hum ans 
in h ab it. Toxic derivatives o f oxygen such as superoxide (0 2«), hydrogen 
peroxide (H 2O2), the hydroxyl radical (O H *), and singlet oxygen ( i0 2).
are produced w ith  each respiration. Enzymes are availab le to detoxify 
free radicals and are represented by superoxide dism utase (SOD), 
catalase (CAT), and glutath ione peroxidase (GPX). These enzymes 
attem pt to m aintain the delicate balance between free rad ical 
generation and an tioxid an t defense.
There is a  substantial am ount of data w hich exists to suggest 
th a t these enzyme system s m ay provide adequate protection only 
during based m etabolic states. Exercise w ill cause an  elevation o f 
respiration and m etabolism  w hich may surpass the body’s ab ility  to 
defend itse lf against free rad ical bom bardm ent. The sedentary 
ind ividual may be able to rely on the body’s endogenous defense 
m echanism s w hile the a th le te  m ay fe ll victim  to inadequate 
protection. This w ould suggest th a t the exercising ind ividu al m ay 
benefit from  antioxidant supplem entation.
3
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The carotenoid an tioxidant, beta-carotene, was chosen for study 
as a  possible ergogenic aid  for the following reasons:
(1) There is existing data th a t has shown th a t adequate intake 
o f beta-carotene m ay be lacking in  some athletes (w hile the levels of 
vitam in E and C are satisfactory), i.e ., m arathon runners, weight 
lifters, swimmers, and cyclists [ 11 ]; A prelim inary study performed by 
th is  researcher verified the fact th a t long distance runners (all running  
> 40  m iles/w k) m ay have inadequate levels o f beta-carotene. A ll three 
subjects had below norm al levels of beta-carotene prior to beginning 
the study as noted by the following: subject 1 had a level o f 14 /ig /d l, 
subject 2 had a  level o f 15 //g /d l, while subject 3 had a beta-carotene 
level o f 23 fig /d l (norm al 35-250 jag/dl);
(2) Beta-carotene is not absorbed by laboratory anim als, such as 
rats or mice. Therefore, it is qu ite d ifficu lt to study this provitam in A  
w ithout the use o f hum an subjects (as opposed to vitam in C and E 
w hich m ay be studied using various laboratory anim als) [ 12];
(3) Beta-carotene is the best quencher o f the highly reactive 
singlet oxygen (3J. A lthough vitam in E and C are able to quench this  
reactive oxygen species, th e ir levels appear to be adequate and have 
been studied extensively. Due to the fact th a t beta-carotene levels may 
be unsatisfactory in  athletes, the body's defenses against singlet 
oxygen m ay be lack in g and unprotected from  oxidative stress.
(4) In  addition to its  a b ility  to quench superoxide anions and  
singlet oxygen, beta-carotene has been shown to possess the ab ility  to 
function as an an tioxidant [4]. This an tioxidant capacity protects cell 
membranes from  chain-reaction lip id  peroxidation;
4
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(5) Beta-carotene has the ab ility  to fun ction  a t low  
concentrations and in  conditions of low p a rtia l pressures o f oxygen 
(seen w ith in  the periphery o f tissues a t the c e llu la r and subcellular 
level) [4, 51. This has n o t been definitively show n w ith  other 
antioxidants;
(6) Several studies, cited above, have evaluated beta-carotene in  
com bination w ith  v itam in  C and E. These investigations support the 
use o f beta-carotene to decrease lipid peroxidation and oxidative 
damage;
(7) There are no existing data or studies on the use o f beta- 
carotene alone as it  relates to enhancing exercise perform ance a n d /o r 
reducing oxidative dam age;
(8) This study w ould attem pt to determ in e  if  a  five kilom eter (5K) 
run  w ill induce oxidative stress in  w ell-trained runners. A  study, such 
as the described, represents a  fa irly  clear-cut investigation attem pting  
to dem onstrate w hether o r not beta-carotene behaves els an 
antioxidant in vivo.
(9) A  pilo t study perform ed by me provided evidence th at the 
ingestion o f beta-carotene improved 5K (3.1 m iles) perform ance, 
im proved VO w  and decreased thiobarbituric acid  reactive substances 
(TBARS) levels in  tra in ed  runners ru n n in g  > 4 0  m iles /w k . A ll three 
subjects were 100% com pliant els verified by d ia ry  and history.
The following tab le represents the TBARS levels and V 0 2max of
three subjects who w ere adhering to a study protocol sim ilar (but not 
identicsil) to the one undertsiken for my dissertation . Each o f the blood 
samples were obtained before and after a  5K  ru n . The firs t was
5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
obtained as a  baseline standard, the second followed beta-carotene 
depletion, and the th ird  represented sam ples obtained following a  one 
m onth period o f beta-carotene supplem entation (25 ,000  international 
u n its /d ay).
Table 1. Pilot S tudy results: TBARS. VCtemax. and Race Performance
TBARS Level (Norm al = < 2 . 5  n m o l/m il 
BASELINE DEPLETION SUPPLEMENTED
Sublect Pie Post Pre Post Pre Post
01 3 .0 2 .8  4.3 4.1 2 .7  3.1
02 3 .0 2 .8  3.1 4 .0  3 .4  3.6
03 2.5 2 .4  5.1 5.1 3.3 3 .5
M AXIM AL OXYGEN CONSUM PTION fL /m in )
Sublect BASELINE SUPPLEMENTED
01 55.6 64 .7
02 62 .9  66 .3
03 57.2 61.2
RACE PERFORMANCE FOR 5000  M ETERS fm inl 
Sublect BASELINE DEPLETION SUPPLEMENTED
01 19:39 19:57 19:33
02 18:17 18:44 18:36
0 3_________ 21:53____________22:14_______________21:27_________
This pilo t study provided results th a t were encouraging and 
suggested th at benefit m ay be derived from  th e  supplem entation o f 
beta-carotene. This w ould allow  a speculative view  th a t there may be 
an ergogenlc enhancem ent by its use.
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1 .2  Problem  S ta tem en t
It  was the purpose o f this study to  evaluate the effects o f beta- 
carotene on exercise performance, oxidative stress, and m axim um  
oxygen consum ption (V O ^ ). This study w ill also determ ine if  
endurance exercise does induce oxidative stress in  subjects made up o f 
w ell-trained runner-ath letes.
1 .3  H ypothesis
In  accordance w ith  the above statem ents, the following 
hypotheses were tested:
1. D uring the running o f a 5K distance, even w ell-trained  
runners w ill see an increase in  biom arkers o f oxidative stress. This w ill 
be identified by increases in  serum M DA concentrations.
2. O xidative stress is produced during  a 5K  race/ru n . This 
stress may be reduced by beta-carotene. As a resu lt of 
supplem entation, exercise performance w ill be enhanced, as m easured 
by improved 5K race tim es, compared to the norm al daily dietary  
intake o f 6-carotene in  w ell-trained runners.
3. Supplem entation w ith  beta-carotene w ill reduce cellu lar and  
subcellular oxidative damage. Consequently, beta-carotene 
supplem entation w ill improve m axim um  oxygen consum ption.
1 .4  L im itations
There are m any factors that are called in to  play when evaluating  
athletic perform ance. This study investigated only w ell-trained runners  
who were dedicated and consistent in  th e ir train ing . This study d id  not 
evaluate the effects o f w ork-related activities, environm ent, o r rest on 
oxidative stress o r exercise perform ance. A dditionally, this
7
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investigation was lim ited  to one specific am ount o f beta-carotene 
supplem entation per day. Lastly, no attem pt was made to determ ine 
actual serum  beta-carotene levels in  any o f the subjects, before, 
during, or after supplem entation.
1.5  D efin ition  o f  Term s
The follow ing lis t w ill identify term s and abbreviations used 
throughout th is  tex t pertinent to th is research:
A ntioxidant: substance th at reduces or in h ib its  oxidation  
Beta-carotene (6-carotene): provitam in A, no recommended daily  
allow ance established: typical in take is 3 .0  m g/day  
Beta-carotene supplem entation: 25000  u n its /d ay  (15 m g/day) 
Exercise perform ance: tim e to com pletion o f 5K  race 
Free radical: m olecule or m olecular fragm ent, such as an atom , 
or group o f atoms, w ith an im paired  electron in  its outer 
orb it
5K race: runn ing  5000 meters a t a ll-o u t effort 
5K ran: runn ing  5000 meters a t 85-90%  effort 
MDA: m alondialdehyde
M DA and TBARS: biom arkers o f oxidative stress, a t tim es, these 
m ay be used interchangeably 
O xidation: any reaction in  w hich electrons are transferred  
from  one atom  to another 
O xidative stress: transfer o f electrons w hich m ay be harm fu l 
Subjects: runners consistently runn ing  > 40 m iles/w eek 
TBARS: th iobarb itu ric  acid reactive substances 
V O ^ : m axim um  oxygen consum ption
8
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CHAPTER 2  
REVIEW OF LITERATURE
2 .1  T he C h em istry o f Free R adical G eneration  and O xidative
S tress
C hem ical reactions occur not o n ly  in  the environm ent, b u t in  
living organism s as w ell. No m atter w here they occur, a ll chem ical 
reactions can be classified as e ith er oxidation-reduction reactions or 
nonoxidation-reduction reactions. It  is  the form er th at concerns the  
body when discussing the production o f free radicals.
One o f the principal reactions involved in  free rad ical form ation  
is reduction-oxidation (red-ox) reactions. Electrons and electron- 
exchange are the basis for these red-ox events. O xidation does not 
sim ply m ean the addition of oxygen atom s, it is more generally applied  
to any reaction in  w hich electrons are transferred from  one atom  to 
another. In  th is  s itu atio n , oxidation refers to the rem oval o f electrons, 
and reduction (th e opposite of oxidation) means the addition o f 
electrons. The electron-accepting com pound w ill be reduced and the 
donor oxidized. A nother way o f expressing th is relationship involves 
two atom s th a t form  a covalent bond. A n atom  ending up w ith  a  
greater share o f electrons acquires a  p a rtia l negative charge and is said  
to be reduced, w h ile the other atom  acquires a partia l positive charge 
and is said to be oxidized. Thus, Fe^+ is oxidized if  it loses an  electron  
to become Fe3+, and a chlorine ion is reduced if  it  gains an  electron to
become Cl".
9
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2 .1 .1  D efin ition  o f F ree R adicate
The term  radioed has been present for over 30 years. A lthough  
this term  m ay have had a variety o f specific m eanings, it  w as originally  
m eant to indicate a part o f a  m olecule capable of independent 
existence [ 13]. Over the ensuing years, as chem ical knowledge 
increased, the defin ition has evolved as w ell. In  its present usage, the 
term fre e  radical is used to signify a  m olecule or m olecular fragm ent, 
such as an  atom , or group o f atom s, w ith  an  unpaired electron in  its  
outer o rb it [ 14].
N orm ally, each orb ital has the a b ility  to hold a  m axim um  o f two 
electrons. This is a common occurrence in  nature as v irtu a lly  a ll 
chem ical bonds are made up o f two electrons. Under appropriate  
conditions, these electron bonds m ay break either asym m etrically or 
sym m etrically. W hen these bonds break sym m etrically, a single 
electron stays w ith  each fragm ent by a  process called hom olysis [ 15]. 
Homolysis form s radicals as in  the case where X:Y — > X« + Y *. (The 
dot is used to represent a rad ical, o r the presence o f one o r m ore 
unpaired electrons). The unpaired electron is  usualfy extrem efy 
exchangeable (i.e ., reactive), w hich accounts for the chem ical and  
physical reactiv ity  of the rad ical species. (Incidentally, th is  rad ical 
property is the basis for the scavenging a b ility  o f antioxidants [ 16]).
As a  resu lt o f the unpaired electrons, free radicals are  extrem efy 
unstable and energy-rich. They are very reactive chem ically due m ainfy 
to the fact th a t they are not in  a  stable spin state [17]. Free radicals 
readily give up or accept an electron to stab ilize th e ir unpaired  
electron. Radicals have the a b ility  to  q u ickly  participate in  chem ical 
reactions because o f electron exchange. These chem ical reactions
10
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enable the radical species to decrease its  energy level and its  potential 
to react. U sually, as a consequence o f th is  reaction, the reactive 
rad ical is rendered less reactive. The end result w ill be a harm less 
species o f an extrem efy stable rad ica l state.
The h a lf-life  (or life span) o f a  free rad ical is extrem efy short. The 
level o f reactivity w ill determ ine th e  survival o f the radical species. The 
half-lives usually range from  1 x  10-* to 1 x  10-* seconds (18J. This 
reactivity arises from  the previously m entioned unstable configuration  
w ith  the unpaired electron. Once the rad ical participates in  a  chem ical 
reaction, it is no longer reactive. There do exist, however, some 
radicals th a t m aintain an extrem efy low  level of reactivity and are  
referred to as stable radicals [ 19].
Radicals m ay have either positive or negative charges, or rem ain  
uncharged. It is the unpaired electron in  the outer orbit th a t 
d eterm ine s  the radicals’ charge. A n uncharged radical is a m olecule in  
w hich one o f the electrons is excited and translocated to its  own 
separate orbit. A  positive or negative rad ical, on the other hand, has 
eith er lost or obtained a single electron. It  is this unpaired electron in  
the outer orb it th a t results in  the reactiv ity  o f the free rad ical species.
The radical species m ay be m ade up o f various m ajor atom s 
w hich determ ine its  designation. These radicals m ay be referred to as:
1) a  nitrogen (N)-centered rad ical; 2) a  carbon (C)-centered rad ical; 3) a  
su lfu r (S )-radical, or 4) an oxygen (O )-centered radical. This listing  
could continue in  th is  m anner dependent on the m ajor atom  being 
discussed. For the purposes of th is  dissertation, however, th e  term  
“free radical” w ill refer only to the oxygen-centered radicals.
11
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It  is not unusual for confusion to arise w henever the term s 
oxygen-free radicals and free radicals are used. A lthough there may 
exist a close association (and frequent confusion) between the two 
term s, reactive oxygen species and  free radicals are not identical. The 
designation reactive oxygen species (ROS) refers to  such entities as 
singlet oxygen, hydrogen peroxide, peroxide, hydroperoxide, and 
epoxide m etabolites of endogenous lip ids. These ROS contain  
chem ically reactive oxygen-containing functional groups, but are 
actually not radicals. They m ay in terfere w ith some tissue molecules 
and disrupt ce llu lar functions, b u t th is  interference m ay not 
necessarily occur through rad ical reactions.
2 .1 .2  Sources o f Free R ad ica ls 
Free radicals may be produced either endogenously or 
exogenously. They may be form ed as a  result o f chem ical reactions 
occurring w ith in  the cell or its organelles or m ay be influenced by 
exposure to conditions in  the outside am bient environm ent.
Endogenous form ation o f free radicals m ay occur in  one of two 
sites. Radicals m ay be produced w ith in  the cell and accordingly, 
influence various in tracellu lar processes. O thers m ay be formed w ith in  
the cell and released into the surrounding environm ent. The 
generation o f in tracellu lar free rad icals m ay resu lt as a  consequence of 
autooxidation and inactivation o f sm all m olecules such as reduced 
flavins and thiols [20]. A  second source o f endogenous free radicals are 
certain enzym atic activities include oxidases, cyclooxygenases, 
lipoxygenases, dehydrogenases, and  peroxidases. Oxidases and  
m itochondrial electron transport system s are prim e, continuous 
sources o f in tracellu lar, reactive oxygen species [20]. The generation o f
12
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free radicals may occur w ith in  the cytosol m em branes a n d /o r outer 
m em branes, as w ell as any o f the subcellular organelles such as the 
lysosomes, peroxisomes, m itochondria, and the endoplasm ic 
reticulum . Some o f the m olecular species are represented by 
superoxide radicals (0>«) o r hydroxyl radicals (O H -). Superoxide 
radicals are a free rad ical s tate  o f oxygen formed from  conversion o f 0 2 
during norm al respiration. O th er reactive m olecules such as hydrogen 
peroxide (H>02) and singlet oxygen 0O 2) are not free rad icals b u t are 
certain ly reactive and capable o f causing cellu lar and subcellu lar 
damage [211.
The generation o f free radicals may also occur w ith in  exogenous 
sources some of w hich w ould include tobacco sm oke, certain  
pollutants, organic solvents, anesthetics, hyperoxic environm ents, and 
pesticides [20]. C ertain m edications as well as some o f the  
aforem entioned com pounds m ay be m etabolized to free rad ical 
interm ediates that cause oxidative damage to certain  tissues.
Exposure to radiation m ay also resu lt in  the form ation o f free radicals 
w ith in  the exposed tissues [20, 2 2 , 23].
2 .3  F ree R adical C hain R ea ctio n s
Free radicals m ay react w ith  other m olecules by several different 
m echanism s. There are th ree characteristic reactions o f free radicals in  
biological systems: rad ical add itio n , electron transfer, a n d /o r atom  
abstraction (Figure 1) [24]. Som e reactions between tw o radicals create 
a  neutral species:
C H 3- + CH3- ------> CH3C H 3
13
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M ost com m only, however, th is Is  n o t the case. The m ost common 
reactions th a t occur between rad icals and neutral m olecules are atom  
abstraction and addition [25]:
A bstraction ROO* + RH> ....... ->  ROOH + RH*
A ddition H O * + a ro m a tic  > H O -arom atic*
1. RADICAL ADDITION OR COMBINATION
R
2. ELECTRON TRANSFER
R» +  O j - 1 -  ■ R+  +  O j
3. ATOM ABSTRACTION
Figure 1. Three characteristic reactions o f free radicals 
in  biological systems.
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As noted earlier, free radicals are not in  a  stable spin state and 
as a  result are very reactive chem ically. This chem ical reactivity  
enables the free rad ical to readily donate or accept an electron in  order 
to obtain s tab ility  for its  unpaired electron. As a  consequence o f the 
free radical reacting to e ith er donate or accept a free electron, another 
free radical is produced; i.e .,
R - + X  .........> R + X *
The aforem entioned abstraction and addition reactions 
participate in  the production o f the second rad ical. This newly created 
free radical is also unstable and m ay also react w ith  another molecule 
to produce yet another free radical; i.e .,
X * + Y   > X  + Y«
This process in  w hich rad ical reactions repeatedly recur creating new, 
reactive radicals is referred to as a free-rad ical chain reaction [23, 25]. 
The onset o f th is type o f chain reaction w ill lead to m any deleterious 
unstabilizing reactions.
These free rad ical chain reactions are often referred to as 
autooxidation reactions and m ay be divided in to  three distinct steps: 
in itia tio n , propagation, and term ination [26]. The initiation phase 
m arks the onset o f the free radical chain reaction. This prim ordial 
radical may be form ed as a  resu lt o f norm al m etabolic processes. The 
propagation phase allow s the reaction to continue. It  is in  this phase 
th at several susceptible m olecules are oxidized as a  consequence o f 
in itia tio n . Each successively formed rad ical w ill seek to achieve 
stabilization and therefore react to either accept or donate an electron. 
In  doing so, however, another free radical is form ed w hich is likewise 
unstable and m ay react w ith  smother m olecule to produce another
15
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free radical, and so on. These reactions w ill continue u n til the chain is 
disrupted. This is accom plished by the fin a l phase o f term ination. In  
th is step, two rad icals react together resu lting  in  the form ation o f 
stable nonradical products, hence, the destruction o f the free radicals  
[251. This term ination  reaction of one free rad ical reacting w ith  
another free rad ical m ay be represented as follows:
R* + R* ------- > R -R
This term ination w ill occur whenever a  substance, such as an  
antioxidant, gives u p  an electron, or an  enzym atic process reduces the 
num ber of free rad icals. In  this m a n n er, fu rth er chem ical in s tab ility  o f 
the cellu lar m ilieu w ill not continue and fu rth er compromise any  
m etabolic or enzym atic processes.
There are o th er ways in  which these chain reactions o f 
autooxidation m ay be halted. Free rad ical interm ediates m ay also be 
stabilized or quenched (satisfied) by reacting w ith  a  compound th a t is 
not a  free radical, b u t w hich becomes a  very stable (free) rad ical once 
the free radical has added to it; I.e .,
R - *  (reaaivet + ST > S * A ( st;1b|e)
In  chem ical term s, th e  substances th a t react w ith  free radicals to yield  
relatively stable, i.e ., unreactive products, are known as spin traps  
(ST). Spin traps represent only some o f the compounds th a t w ill react 
w ith  free radicals and  stabilize them . The relatively stable free radicals  
th a t are formed as a  resu lt o f reacting w ith  the spin traps are often  
referred to as spin adducts (S*A) [27].
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2 .3  Lipid P erox id ation  and C ellular M em brane Dam age
Free rad icals m ay attack various com pounds of a cell, including  
polyunsaturated fa tty  acids (PUFA), deoxyribonucleic acid (DNA) and  
proteins. A ll o f these are im portant, bu t o f p articu lar note is the  
attack on PUFA. C ell w alls and organelle m em branes (such as 
sarcoplasmic reticu lu m  and m itochondria) are made up o f PUFA w hich  
m ay come under a tta c k  by free radicals. D ue to the presence o f a  large 
quantity o f PUFA in  the membranes o f m itochondria and the 
sarcoplasmic reticu lu m , these organelles are  particu larly susceptible to 
damage inflicted as a  resu lt of peroxidation. As free radicals attack  the  
w all structure(s), there is destruction o f som e o f the fatty acids th a t 
m ake up this m em brane. Free radicals m ay continue along the ce llu lar 
membrane traveling  from  one fatty  acid to  the next. As one free rad ical 
finds a pairing  electron, another rad ical is created, which goes to the  
next fatty acid to fin d  an  electron, and so it  continues. In  th is m anner 
a  chain o f events is in itia ted  known as lipid,peroxidation. Lipid  
peroxidation is th e  m ost studied biologically relevant free rad ical 
reaction (28). It  m ay be generally defined as the “oxidative 
deterioration o f polyunsaturated lip ids” [2 9 , 30].
Lipids and proteins are the m ajor com ponents of biological 
membranes. Both o f these constituents m ay be damaged by lip id  
peroxidation and im p a ir the ab ility  o f the m em brane(s) to function. It  
is the in ju ry  to th e  ce llu la r and subcellu lar m em branes th a t are o f 
particu lar im portance to the exercising ind iv idu al. This damage 
inflicted by lip id  peroxidation is a  ce llu la r consequence o f free rad ical 
form ation. This oxidative deterioration know n as lip id  peroxidation  
involves the reaction o f the PUFA and oxygen resulting in  the
17
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form ation o f the lip id  radicals and hydroperoxides, w hich are  
sem istable. This in  tu rn  promotes free rad ical chain reactions [311.
Before continu ing  th is  discussion o f lip id  peroxidation, some 
attention should be directed toward m em brane lipids for a clearer 
understanding o f th is  oxidative deterio ration . C ellu lar m em branes are 
usually made up o f tw o m irror- images o f each other and resu lt in  the  
form ation o f a  so-called bilayered m em brane. These m em branes are  
m ostly made up o f lip ids w hich are generally referred to as 
am phipathic m olecules. Am phipathlc m olecules have two separate and  
distinct ends. O ne end has little  a ffin ity  for w ater and is com m only 
referred to as the hydrophobic end. Th is  end is in  the form ation o f a  
“ta il” and contains hydrocarbon regions w hich are directed tow ard the  
center of the b ilayer. Opposite to the ta il end is the so-called “polar” 
end. It  Is th is end th a t is hydrophilic and  is in  contact w ith  the  
cytosol in tern ally  and  the surrounding ce llu lar environm ent externally  
(Figure 2).
There is overw helm ing evidence th a t the lipid bilayer is  the basic 
structure o f a ll ce ll and  organelle m em branes, w ith proteins being 
inserted in  d ifferen t parts o f the b ilayer [23[. In  some ways, each h a lf 
o f the bilayer functions independently o f the other. For exam ple, in  
each h a lf o f the lip id  bilayer, protein and  lip id  molecules can diffuse 
extrem ely qu ickly. However, exchange o f lip id  molecules between the  
two halves o f the b ilayer is rare [231. This membrane flu id ity  is due to 
the presence o f th e  unsaturated and polyunsaturated fa tty  acids side- 
chains in  m any o f the m em brane lip id s . Dam age to PUFAs tends to 
reduce the flu id ity  o f the m em brane. Th is is not w ithout serious 
consequence as it  is  th is  flu id ity  w hich is  known to be essential for
18
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the proper functioning o f biological m em branes (23). This decreased 
flu id ity  m ay resu lt in  ce llu lar sw elling, tissue inflam m ation, an  
in a b ility  to m ain tain  ionic gradients, and perhaps, cell death.
Hjp) (Hid) (HjO) (HjO) (HjO) (HjO) 
S  P o la ris . s  • N . S  "X










Figure2. Lipid bilayer structure o f biologic membranes. S tructures are 
schem atic representations o f phosphoglycerides 
(glycerophosphatides), w hich consist o f fa tty  acid “ta ils ” 
attached to polar “heads’*.
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Initiation o f a  peroxidation chain reaction in  a  PUFA or 
m em brane is due to the a ttack  o f any species w ith  sufficient reactivity, 
i.e ., free radical, to abstract a  hydrogen atom  from  a  m ethyl group 
(-C H -). The hydrogen atom  has only one proton and one electron and 
rem oval o f a  hydrogen atom  w ill leave behind an  unpaired electron on 
the atom  to w hich the hydrogen was orig inally attached (28). In  the  
instance o f a  m ethyl group, th is w ould leave behind an unpaired  
electron on the carbon, -O H -. The presence o f a  double bond in  the 
fa tty  acid weakens the C -H  bonds on the carbon atom  adjacent to the 
double bond and m akes the H« rem oval easier [23 ]. The carbon radical 
tends to be stabilized by a  rearrangem ent o f the m olecular structure 
resu lting in  the production o f a  conjugated, diene. It  is the form ation of 
conjugated diene bonds generated by abstraction o f hydrogen atoms 
th a t in itiates the peroxidation [181. These conjugated dienes may react 
readily w ith  a m olecule o f oxygen to produce a  peroxy radical, R -O O v 
These peroxy radicals possess the ab ility  to abstract a  hydrogen 
m olecule from another lip id  m olecule, setting th e  stage for the 
propagation of th is peroxidation o f lip id  m olecules w ith in  the adjacent 
fa tty  acids w ith in  the ce llu la r m em brane, i.e ., th e  chain reaction. As 
th is  peroxidation continues, the damage progresses along the 
mem brane(s) u n til is term inated, as earlier discussed (Figure 3).
Lipid peroxidation, or autooxidation, as ju s t described, 
possesses a  self-destructive property resulting from  free radical 
generation. This process also results in  the form ation o f other 
cytotoxic products, such as lip id  hydroperoxides, ROOH. Lipid 
hydroperoxides are produced w hen a  peroxy rad ica l combines w ith a  
hydrogen atom  th a t it  abstracts. One o f the toxic products produced
20
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are aldehydes (such as m alondialdehyde) w hich m ay be used as a  
m arker o f the decom position o f ROOH [32, 331.
UPID
PEROXIDATION
Figure 3. Scheme o f the changes in  the hydrophilic-hydrophobic 
balance o f phospholipid molecules as a  resu lt o f th e ir 
oxidation.
M any different hydroperoxide species m ay be produced in  the  
afterm ath o f lip id  peroxidation. The num ber o f d ifferent species is 
determ ined by the type o f fa tty  acid th a t is involved in  the 
autooxidation. The m ajo rity  o f fatty acids th a t undergo peroxidation  
in  the cell m em branes are linoleic acid, arachidonic acid, and  
docosahexaenoic acid. W hen these fa tty  acids undergo peroxidation. 2, 
6 , and 10 d ifferent hydroperoxide species are produced [34J. This allow s 
fo r m ultip le products o f degradation to be exam ined.
The damage induced in  cellu lar and subcellu lar m em branes v ia  
lip id  peroxidation w ill im p air the function o f m em branes as w ell as 
produce the aforem entioned by-products such as hydroperoxides. The 
production o f these by-products allow  detection o f the presence o f lip id
21
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peroxidation by various methods and serves as biom arkers o f th is  
process. D etection o f these biom arkers is  im portant in docum enting  
free radical form ation and w ill be discussed in  a later section.
2 .4  R ole o f O xygen in  Free R adical P rod uction
The hum an organism  has evolved over m any billions o f years 
in to  a creature th a t requires the use o f oxygen for its existence. The 
body has adapted to the presence o f oxygen as necessary for 
respiration and energy production. Carbohydrates, fats, and proteins 
are n u tritio n a l substrates suitable for allow ing hydrogen atom s to be 
removed during energy m etabolism . These hydrogen atoms have 
electrons rem oved w ith in  the m itochondria o f the cell, the actu al site  
o f energy production. These electrons are eventually passed on to 
m olecular oxygen. Oxygen accepts hydrogen to form  w ater and  
com plete the process o f cellu lar oxidation . D uring  the transfer o f 
electrons from  hydrogen to oxygen, chem ical energy is produced and  
stored in  the form  o f high energy phosphate bonds. These high energy 
bonds are conserved in  the molecules o f adenosine triphosphate (ATP). 
This m echanism  o f the oxidation o f hydrogen and the subsequent 
transfer o f electrons to oxygen is referred to as the electron transport 
chain, or the respiratory chain, and as noted, occurs in  the 
m itochondria. The vast m ajority o f ATP synthesis occurs in  th is  
respiratory chain  by oxidative reactions and is coupled w ith  
phosphorylation. This entire process is referred to as aerobic 
m etabolism  and provides energy for the functioning body. A lthough  
oxygen does com bine w ith  hydrogen to form  w ater, its m ajor role in  
energy m etabolism  is to serve as the fin a l electron acceptor in  the  
respiratory chain .
22
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
M olecular oxygen, however, m ay not be the “benign” substance 
th at it  w ould appear to be. M olecular oxygen, th a t is ground state 
oxygen, is a  free rad ical in a technical sense as it  is  actually  dioxygen. 
Dioxygen is, in  actu ality , a d iradical w ith  two unpaired  electrons in  
the outer o rb its . Fortunately, these two outer electrons exist in two 
separate o rb ita ls . This is fortunate because these two electrons are 
thought to be spinning in  the same direction. It  is fe lt th a t electrons 
in  the same o rb it m ust have opposing spins [ 151. In  order for the 
dioxygen to add two electrons a t the sam e tim e, th e  spin o f one of the 
electrons w ould have to be reversed, w hich is an u n like ly  
circum stance. Therefore, dioxygen is said to prefer to receive one 
electron a t a  tim e w hich converts it in to  a singlet oxygen molecule. 
When the unpaired electrons are balanced and spinning in  opposite 
directions, these singlet states are not radicals or harm fu l. However, if  
energy is provided and the singlet oxygen enters in to  a  excited state, 
reactions w ith  biological molecules m ay resu lt in  oxidation of norm al 
tissues. (A lm ost a ll biological m olecules are in  a  singlet state which 
does not react w ith  m olecular ground state oxygen and therefore are 
not oxidized. Should singlet oxygen become energized, it  w ill readily 
react w ith  biological m olecules and cause oxidative dam age).
This seem ingly would not be a  problem  if  a ll o f the oxygen was 
utilized by th e  body. However, it  has been estim ated th a t, regardless of 
activity  level, up  to 4-5%  o f the oxygen w ill form  superoxide and 
ultim ately hydrogen peroxide [35]. It  w ould stand to  reason that as the 
rate o f oxygen consum ption increases, so w ill the ra te  o f superoxide 
form ation and its  resu ltan t increase in  free rad ical form ation.
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2 .4 .1  Production o f R ea ctiv e O xygen S p ecies
As noted above, a t the end o f the m itochondrial respiratory  
chain , oxygen is reduced to form  w ater. The respiratory chain  is 
thought o f as having four com plexes. I, II, HI, and IV  (figure 4). The 
oxygen m olecule, 0>, rem ains bound to complex IV  o f the 
m itochondrial respiratory chain (also known as ferrocytochrom e 
c:oxygen oxidoreductase) u n til it  is fu lly  reduced to FLO by the  
transfer o f four electrons and tw o protons. Further upstream  in  the 
complexes I, H, an d /o r III, there is leakage o f single electrons, m ainly 
from  nonheme iro n -su lfu r proteins, leading to the p a rtia l reduction o f 
O > to the superoxide anion (0 2») [36]. Superoxide is a rad ica l. i.e ., a 
chem ical species w ith an unpaired electron. Since radicals tend to be 
reactive species because electrons like to pair up to form  stable two- 
electron bonds, is referred to as one o f the reactive oxygen species
(RO S). ATP ATP ATP







Figure 4. The sequential arrangem ent o f the com ponents o f the 
electron transport chain , showing its division in to  four 
complexes. I, n . III, and IV .
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It  m ay be recalled th a t ground state  oxygen is considered to be 
trip le t oxygen (302, although it  is u su ally  w ritte n  as 0>). This ground 
state oxygen m ay therefore be involved in  th e  transfer o f three 
electrons resulting in  the form ation o f th ree d ifferen t ROS. Superoxide 
anion has already been m entioned. Should th is  superoxide be fu rth er 
reduced by the addition o f a  second electron, a  ROS w ill be produced 
w hich is not a  rad ical. This second electron add ition  results in  the 
form ation o f hydrogen peroxide, H>0>. The add itio n  o f a th ird  electron  
leads to the form ation o f the hydroxyl rad ic a l (H O *). HO* is fe lt to be 
the m ost reactive and aggressive o f the ROS [371.
In  addition to the three aforem entioned ROS. there is yet 
another type o f ROS th at m ay be form ed, called  singlet oxygen 0O>). 
Singlet oxygen m ay be form ed from  ground state trip le t oxygen in  the  
presence o f a photosensitizer and lig h t.
The leakage o f electrons from  the resp iratory chain o f the 
m itochondria to yield 0 2* occurs continuously during norm al aerobic 
m etabolism . It  has been e s tim a ted  th a t betw een 1-2% and 4-5%  o f a ll 
electrons that travel down the respiratory ch ain  never m ake it to  
com plex IV , but instead leak from  the resp iratory chain to form  0»* 
and its  dism utation product, H20 2. [35, 381. There is some controversy 
as to w hether the rate o f electron leakage is  n o t substantially lower 
under in vivo conditions [36]. In  add ition  to th e  m itochondrial and  
other cellu lar electron transport system s, there  are further endogenous 
sources o f superoxide production, some o f w hich have been noted 
earlier in  this paper. Some o f these w ould be soluble oxidase enzymes, 
such as reduced nicotinam ide-adenine dinucleotide phosphate
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(NADPH) oxidase in  phagocytic cells (neutrophils and monocytes), and  
x a n th in e  oxidases; epinephrine, and quinoid substrates, such as 
coenzyme Q l0 and v itam in  K th a t undergo redox cycling; and the 
cytochrome P450 system  (36, 39].
Under norm al conditions o f m etabolism , the superoxide anion 
can be produced from  a ll these various endogenous sources. Indeed, it  
has been estim ated th a t each cell in the hum an body is exposed to 
about 101° m olecules o f 0>* per day, w hich w ould am ount to 
approxim ately 1.75 kg (4 pounds) per year (39]. Thus, th is superoxide 
is formed in  sub stan tial am ounts and is not ju s t a  m inor by-product 
o f m etabolism  th a t is easily ignored or taken lig h tly . Once formed from  
the various endogenous sources, 0>« m ay react fu rth er and dism utate 
resulting in  the form ation o f H20> and 0>. These two entities, in  the  
presence o f catalytic am ounts o f iron o r copper, can form  HO * in the  
“m etal-catalyzed Haber-W eiss reaction”. This reaction is the sum o f 
two separate reactions: the firs t being the reduction o f ferric or cupric 
ions (Fe3+ or C u-+) by 0>*. and the second reaction o f the reduced
m etal ions ferrous or cuprous, (Fe-+ or C u+) w ith  H>0> to form  HO*
(the “Fenton reaction”). F in ally , HO* and O?* m ay react to form  iO>, 
although th is  reaction probably does not occur very often in  biological 
systems, m ainly because HO * is so reactive and  w ill react a t the site o f 
form ation, where 0>* is  no t likely to be present. The sequence of 
reactions shown in  figure 4  dem onstrates th a t 0>* can generate other 
ROS, including H O *, provided a redox-active m etal catalyst is 
available.
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2 .4 .2  O xid ative Dam age
Deleterious free rad ical reactions and the generation o f ROS 
may be collectively referred to  as oxidative stress. This oxidative stress 
may cause oxidative damage to various m acrom olecules present in  
biological system s. As m entioned previously, HO* can damage cellu lar 
membranes and lipoproteins by lip id  peroxidation. Additionally, 
proteins m ay be dam aged by ROS, leading to structural changes or 
loss o f enzyme activ ity . O xidative dam age to DNA may occur as w ell 
and has been reported to occur a t a  high rate  under norm al m etabolic 
conditions. It  has been estim ated th a t th e  DNA in  each cell in  the  
human body is exposed to 10» oxidative “h its ” per day, leading to the  
form ation o f m ore than  20  different oxidative DNA lesions [39]. M any  
o f these lesions are known to be m utagenic. Fortunately, there are a 
num ber o f DNA rep a ir enzymes th a t can rem ove these lesions.
However, the rep air systems are not perfect, and although they m ay 
remove 99% o f th e  lesions, 1% s till rem ains. This allows oxidative 
damage to continue w ith in  the DNA [39]. This has im portant 
im plications concerning the body’s defenses against ROS and oxidative 
stress, w hich w ill be addressed in  a  subsequent section.
As discussed, the ROS can cause oxidative damage to DNA. 
lipids, proteins, and  carbohydrates. This oxidative damage to these 
biologic m acrom olecules m ay accu m u la te , not only w ith age, bu t m ay 
be increased in  tim es o f increased oxygen consum ption, such as 
exercise. Even a  single bout o f exercise could promote oxidative 
damage and free radical-induced lip id  peroxidation. W ith higher 
intensity exercise, m ore radical form ation and subsequent damage w ill
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occur, because higher intensity requires higher energy production  
which likew ise increases oxygen consum ption, activity o f the electron 
transport system  and hydrogen peroxide form ation {401.
Oxygen, therefore, is a double-edged sword. On the one hand, it  
is essential fo r ou r very existence. O n the other hand, oxygen m ay 
accept electrons resulting in  the form ation o f various deleterious 
products w hich are harm ful to  the body. This m ay be the “d ark  side” of 
exercise and oxygen consum ption. As organism s th at m ust respire and 
use oxygen, h u m a n s  m ust be aware o f both the benefits and  
detrim ents o f the a ir we breathe.
2 .5  D efen se A gain st O xidative S tress
There is a  continual production o f reactive oxygen species as a  
result o f the aerobic nature o f the body’s m etabolism . Even under 
basal conditions, there w ill exist the ongoing production o f free 
radicals and ROS. Hence, there is corresponding and continuous need 
for inactivation o f these harm ful products o f aerobic m etabolism .
A state o f “oxidative stress” w ill exist whenever there is an  
im balance o f prooxidants and antioxidants in  favor o f the prooxidants 
[31]. O xidative stress m ight also be defined as a  state in  w hich  
prooxidant reactions overwhelm the an tioxid an t defense o f a  tissue or 
organism. This is an unfavorable event and, sim ilar to other such 
situations In  th e  body, systems have been developed throughout 
evolution to com bat th is phenomenon. These systems have become the 
body’s defenses against oxidative stress and damage.
These protective networks are know n as the antioxidant defenses. 
H alliw ell and G utteridge defined an an tio xid an t as “any substance
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th a t, when present a t low concentrations com pared to  th a t o f an  
oxidizable substrate, s ign ifican tly  delays or in h ib its  oxidation  o f th a t 
substrate" [23J. These an tio x id an t defenses w ill therefore attem pt to 
m inim ize or elim inate oxidative stress by creating an im balance (or a t 
least a balance) o f an tioxid ants and prooxidants in  favor o f the  
antioxidants.
There are m any antioxidants defenses in  biological systems, 
some o f w hich are listed in  Table 2 . G enerally speaking, there are two 
types: enzym atic reactions, and  non-enzym atic reactions. Some o f the 
better known ones w ill be discussed.
Table 2 . A ntioxidant defenses in  biological sy ste m s .
fM odified from  f411) 
System ________________________________Rem arks
E nzym atic
superoxide dism utase 
catalase
G lutath ione (GSH) peroxidases 








ascorbate (vitam in C)
glutath ione (GSH)
urate
b iliru b in
plasm a proteins_______________
CuZn, M n, or Fe enzym e 
peroxisomes, hem e protein  
GPX
m aintain ing G SH levels





diverse an tio x id an t functions
diverse an tio x id an t functions
radical scavenger
plasm a an tio x id an t
m etal binding, e.g .. ceru lop lasm in
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2 .6  E n zym atic M echanism s
The body is endowed w ith  endogenous antioxidant enzymes, the 
most im p ortan t o f w hich are superoxide dism utase (SO D), catalase 
(CAT), and  glutathione peroxidase (G PX). Each o f these w ill be 
discussed in  detail. B riefly stated how ever, superoxide dism utase 
catalyses the dism utation o f superoxide to oxygen and hydrogen 
peroxide. (D ism utation is defined as a  reaction(s) involving two 
identical m olecules in  w hich one gains w hat the other is  losing; e.g., 
one m ay be oxidized and the other reduced). Catalase, in  tu rn , 
converts hydrogen peroxide to w ater and oxygen. G lutath ione  
peroxidase can remove hydroperoxides and hydrogen peroxide by 
consum ing reduced glutathione to form  oxidized g lutath ione. These 
enzymes are  distributed w ith in  the ce llu la r com partm ents in  such a 
way as to com plem ent each other by destroying radical species 
produced in  the same cell com partm ents. These free radical-scavenging 
enzymes are the firs t line o f ce llu la r defense against oxidative in ju ry  
(421.
These enzymes catalyze the follow ing reactions:
Superoxide d ism u tase
0>m +■ 0>*-----------------> O? + H>0>
C atalase
2 H ,0 2 ........................ > 2 H>0 + 0 2
G lutath ione p eroxidase
H 20 2 ..............................  > 2 H20
2 GSH GSSG
ROOH .......— > RO H + H ,0
2 GSH GSSG
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2 .6 .1  Superoxide D ism utase (SOD)
Superoxide dism utase (SOD) is an enzyme th a t w as firs t 
discovered by M cCord and Fridovich and serves to dism utate  
superoxide to form  hydrogen peroxide and oxygen as shown in  the 
above reaction on the preceding page [43]. Several form s o f SOD exist 
in  the cell. The m anganese-containing SOD (M n-SO D ) is present in  
the m atrix space o f the m itochondria.The location o f M n-SO D  is such 
th a t it is located close to the site where the superoxide rad ical is 
formed, i.e ., the succinate dehydrogenase-cytochrome b segment. 
Another SOD is the copper/zinc-SO D  (C u/Zn-S O D ) w hich is present 
in  the cytosol and m itochondria [44, 45]. C u /Z n -S O D  m ay also be 
found in the extrace llu lar flu ids in  sm all am ounts and, like  th at found 
in  the cytosol and m itochondria, contains two copper and two zinc 
atom s [451. A ll superoxide dism utases have a t least one firs t transition  
series m etal a t the active site, i.e ., M n, Zn, or Cu (in  anim als), while 
bacteria have an ad d itio n al type o f SOD th at requires Fe [46].
In  m a m m a ls , SO D activ ity  varies from  one tissue type to 
another. The highest ac tiv ity  o f SOD is found in  the liver, followed by 
kidney, brain , adrenal glands, and surprisingly, heart [23]. Skeletal 
muscle has one o f the low est antioxidant enzyme levels in  the body 
(levels s im ilar to those found in  the heart) [47, 48].
As noted from  the above, SOD is able to convert superoxide into 
hydrogen peroxide w hich m ay be further decomposed by catalase and 
glutathione peroxidase. The catalytic activity o f SOD has been shown 
to increase w ith  increasing concentrations o f superoxide and  
conversely to be in h ib ited  by increasing concentrations o f hydrogen
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peroxide [49]. In  th is  m anner, the enzym atic a c tiv ity  m ay be 
self-regulated to a certa in  degree.
2 .6 .2  C atalase (CAT)
The m ajor function o f catalase is to rem ove the hydrogen 
peroxide formed in  the dism utation reaction o f SO D. The hydrogen 
peroxide is decomposed to w ater. C atalase is a  hem e Fe+- -containing  
enzyme w hich m ay be found in  most cells and tissues. CAT Is m ost 
abundantly found in  the peroxisomes and probably serves to remove 
peroxide generated by the peroxisom al oxidase enzymes [50], 
Peroxisomes contain oxidative enzymes, such as CAT, in  high 
concentrations. S im ila r to the m itochondrion, the peroxisome is a  
m ajor site o f oxygen u tiliza tio n . They contain one or m ore enzymes 
th a t use m olecular oxygen to remove hydrogen atom s from  specific 
organic substrates, designated here as R, in  an  oxidative reaction th a t 
produces hydrogen peroxide:
R H 2 + O , .........> R + H 20>
Catalase u tilizes the H20 2 generated by other enzymes in  the  
organelle to oxidize a  variety  o f other substrates by the “peroxidative” 
reaction w hich is designated as follows:
H)0> + R‘H 2 ............> R* + 2 H ,0  .
(It should be borne in  m ind th a t CAT is found in  the peroxisome and  
in  the m itochondrion and other organelles as w ell [51, 52]).
There are tissue variations as to th e ir enzym atic activity o f CAT. 
The greatest activ ity is  found in  the liver w hile the skeletal m uscle has 
the lowest. There are also in terfiber differences o f m uscle CAT activity, 
m uch more so than w ith  SOD [49].
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C atalase does share its  function o f decomposing hydrogen 
peroxide to w ater w ith  g lutath ione peroxidase (GPX). Both of these 
enzymes detoxify ROS by catalyzing the form ation o f hydrogen 
peroxide derived from  superoxide. These two enzym es have different 
substrate affin it ie s .  A t high concentrations o f H 2O 2 , organic peroxides 
are preferentially  catalyzed by CAT. However, in  the presence of low  
levels o f hydrogen peroxide, organic peroxides are m etabolized by 
glutath ione peroxide [ 18].
2 .6 .3  G lu tath ion e P eroxidase (GPX)
The an tio x id an t function o f g lu tath ione (GSH) is served via  
glutathione peroxidase (GPX) w hich catafyzes the reduction of 
hydrogen peroxide and organic hydroperoxides. GPX is located 
in trace llu la rly  and  found in  the cytosol and the m itochondrial m atrix  
[6]. The rem oval o f the hydrogen and organic peroxides is catalyzed by 
the selenium -dependent enzyme GPX, form ing w ater and alcohol, 
respectively. This m ay be depicted in  the follow ing reactions:
2 G SH  + H20 2  GPX-...> GSSG + 2 H20
or
2 GSH + ROOH  era > GSSG + H>0 + ROH
In  add ition  to  requiring  four selenium  atom s, glutathione 
peroxidase uses tw o glutath ione m olecules (a tripeptide composed o f 
glycine, cysteine, an d  glutam ic acid) present in  the reduced state 
(GSH). G lu tath ion e, as w ell as cysteine, are th io ls  (R -SH ). Thiols m ay 
be defined as sufhydryls, i.e ., any organic com pound containing the  
-SH  group. Thiols m ay act in  aqueous and lip id  environm ents as an  
antioxidant. G lu tath io n e serves as a  substrate for various enzymes
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including GPX, and d u rin g  the above reaction . GSH becomes oxidized 
(GSSG). Each o f the tw o glutathione m olecules gives up a  hydrogen 
from  its sulfhydryl group (SH). A rad ical center is formed on the su lfur 
atom  u n til two such rad icals jo in  to form  a  disulfide bond (GSSG).
GPX is a  very im p ortan t remover o f hydroperoxide in  the cell 
and, as such, plays a  key role in  in h ib itin g  lip id  peroxidation and. 
thereby, preventing dam age to such things as RNA, DNA, and PUFA. 
The activity o f GPX is high in  the liver and  erythrocytes; m oderate in  
the brain, kidney, and  heart; and low in  the skeletal m uscle (49). 
However, some oxidative Type I  skeletal m uscle fibers, such as th a t 
found in  the soleus, m ay exhib it GPX ac tiv ity  w hich approxim ates the 
levels found in  cardiac m uscle (53).
Once g lu tath ione becomes oxidized to form  glutathione disulfide 
(GSSG), it no longer possesses any o f its  protective antioxidant 
properties. The cell m ust therefore regenerate reduced glutathione  
(GSH) for it  to be availab le  for adequate functioning of GPX. It  is in  
th is regard th a t g lu tath io ne reductase is know n for its function. 
Although not classified as an antioxidant on its  own accord, 
glutathione reductase (GR) is essential for norm al antioxidant 
function in  the cell [49 ]. The cell regenerates reduced glutathione in  a 
reaction catalyzed by glutathione reductase using nicotinam ide 
adenine dinucleotide phosphate (NADPH) as a  source o f reducing 
electrons. This reaction  takes place sim ultaneously w ith GPX, thus  
providing a  redox cycle for the regeneration o f GSH (figure 5). Thus. 
NADPH ind irectly provides electrons for th e  reduction o f hydrogen 
peroxide. A dditional enzym es, such as SO D  and CAT, catalyze the
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
conversion o f o ther toxic oxygen interm ediates to harmless products 
(figure 6 ).
Figure 5
G lutathione-m ediated reduction o f hydrogen peroxide by NAD PH.
2 .7  N on-enzym atic M echanism s
There are other mechanisms w hich are available to counteract 
the assault on the body by free radicals. Basically these m echanism s 
are com pounds w hich are found in  the food in  the dietary intake.
There are m any such compounds w hich are known to exist. These 
substances do no t function in  an enzym atic fashion as th a t previously 
described, b u t instead function w ith ou t the use of enzymes. The m ost 
w ell know n and m ost investigated o f these are the fat-soluble vitam ins  
E and beta-carotene, and the w ater-soluble vitam in C. A nother 
compound th a t has also been undergoing ra th er extensive 




Actions of antioxidant enzymes.
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ubiquinone, w hich is also known as coenzyme Q io (C oQ io). C 0 Q 1 0  is 
actually not a  v itam in , bu t has been referred to as a  “v itam in -like  
substance". These fou r com pounds w ill be the subject o f the following 
discussion on the non-enzym atic m echanism s o f defense against 
oxidative stress.
2 .7 .1  V itam in  E (tocopherols)
Vitam in E  refers to a  fam ily o f related com pounds called  
tocopherols. The m olecule is highly lipoph ilic and resides alm ost 
exclusively in  the various m em branes in  the cell. The m ost abundant 
and active isom er is alpha-tocopherol. As a resu lt o f its  lip id  
solubility, it  is an  in tegral part o f th e  structure o f cell m em branes. 
V itam in E is a  fat-so lub le an tioxid ant capable o f protecting  
polyunsaturated fa tty  acids from  lip id  peroxidation by in terru p tin g  free 
radical reactions th a t otherw ise can cause m em brane dam age in  
subcellular organelles and w ith in  the cell w all itself.
The m ajor role o f vitam in  E is to serve as an chain -breaking  
antioxidant to neu tralize free radicals and scavenge singlet oxygen as 
w ell as functioning as a m em brane stab ilizer [54, 55]. It  is a  chain  
reaction-breaking antloxidant because it  quenches the interm ediate in  
the free rad ical chain  reaction (figure 7). By reacting w ith  a  free 
radical, the tocopherol m olecule is converted into the tocopheroxyl 
radical, w hich can be reduced back to tocopherol by e ith e r v itam in  C 
or glutathione.
Vitam in  E is also able to d irectly  scavenge most species o f free 
radicals including superoxide, hydroxyl rad ical and lip id  peroxides 
[56]. It  w ill release one o f its  own electrons satisfying the m issing  
electron w ith in  the free rad ical w hich w ill lead to an in h ib itio n  o f lip id
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S E M I D E H Y D R O A S C O R 8 A T E  
R A D I C A L
A S C O R B A T E  
( V I T A M I N  C >
L I P I D — O O *
L I P I D - O O H
Figure 7. Reaction o f v itam in  E w ith lip id  radicals.
peroxidation and form ation o f a  so-called “inhibitor” rad ical. This 
in h ib ito r rad ical has low reactiv ity  and w ill u ltim ately react w ith  itse lf 
o r w ith  another peroxyl rad ical to form  nonreactive degeneration  
byproducts [56]. In  this m anner, th e  free radical chain reaction is 
term inated .
A nother im portant function o f vitam in  E Is as a s tru c tu ra l 
m em brane stab ilizer. It  has the a b ility  to increase m em brane 
m icroviscosity and decrease passive perm eability to low m olecular 
w eight substances [57], This effect o f vitam in E would be to increase 
the orderliness o f m em brane lip id  packing, in  effect straightening bent
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unsaturated phospholipids and thereby allow ing for a  closer and more 
functional lip id  bilayer. It  has been suggested by some investigators 
th a t the m ajor reason th a t vitam in  E is able to protect against 
exercise-induced m uscle damage lies in  its m em brane stabilizing  
a b ility  ra th er than its  an tioxidant function [55, 58].
The physiologic function o f vitam in E, therefore, is its  role as an  
antioxidant and scavenger o f free radicals, thus preventing damage to 
PUFA in  cell mem branes and its  function as a  m em brane stabilizer. It  
is one o f the prim ary factors in  our defense against oxidative stress 
and subsequent damage.
2 .7 .2  B eta-C arotene
There are over 600  carotenoids th at have been identified in  
nature. Carotenoids represent a  very large group o f substances w ith  
m any varying stru ctu ral characteristics and biological activities. They 
are found as pigments in  green leafy vegetables and m any colored 
fru its . The m ajor and m ost n u tritio n a lly  active carotenoid is beta- 
carotene w hich comprises 15-30%  o f to tal serum  carotenoids [59]. 
Beta-carotene is considered a  provitam in A, and is one o f about 50 of 
the carotenoids th a t exh ib it provitam in A activity. Beta-carotene 
plays a  role in  free-radical biology, having the a b ility  to act as a  
quencher o f the highly reactive singlet oxygen (>02) form ed during
norm al oxygen consum ption and block some free-rad ical m ediated 
reactions [3 , 59]. There have also been reports th a t it  is able to act as 
an  effective antioxidant as w ell [4].
As noted, beta-carotene is a  provitam in o f v itam in  A. Although 
vitam in  A  its e lf has not been shown to have any an tioxid an t effects,
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th is  is not true o f beta-carotene. This particu lar carotenoid has been 
shown to deactivate singlet oxygen m ainly by physical quenching as 
displayed in  the follow ing reaction:
iO> + 6 -ca ro te n e  > 302 +• 6-carotene»
This energy-transfer process produces ground state m olecular oxygen 
and the carotenoid trip le t th a t, in  tu rn , decays rap id ly  to its  ground 
state. Thus, harm ful chem ical reactions o f singlet oxygen w ith  
surrounding compounds are prevented [41. The ab ility  o f certain  
carotenoids to quench *0> is related to the num ber o f conjugated
double bonds, w ith a  m axim um  protection exhibited w ith  nine or more 
double bonds [60]. This is one o f the very im portant roles o f beta- 
carotene which possesses eleven double bonds.
There has been other evidence, however, th a t has suggested that 
there m ay be another an tioxid an t role played by beta-carotene. The 
possibility o f beta-carotene having an antioxidant property other than  
th a t o f quenching singlet oxygen was suggested as long ago as 1932 by
M onaghan and Schm itt [6 1 1. U n til recently, there has been no clear
understanding of the m echanism  by w hich beta-carotene accomplished
th is. B urton and Ingold conducted a  series o f experim ents in  an
attem pt to dem onstrate th a t beta-carotene could function  as an  
antioxidant in  a biological system  where there was an absence of 
singlet oxygen [4J. In  th e ir experim ent, they placed beta-carotene into 
te tra lin  in  chlorobenzene. These substances sue known to lead to the 
form ation o f “substrate-derived radicals”. In  th is system , no singlet 
oxygen was present. Interesting ly, th e ir results indicated th a t
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beta-carotene was n e ith er a  peroxide-decom posing preventive 
antioxidant nor a  conventional chain-breaking an tioxid an t [4]. This 
was evident under norm al laboratory conditions, w hich consisted o f 
tem peratures o f 30® centigrade and oxygen pressure o f 760 torr. 
However, in living organism s, the p a rtia l pressure o f oxygen is only
about 20  torr. The tissues fu rth e r in  the periphery w ould have even
low er p artia l pressures. This w ould be p articu larly  true o f organelles 
such as the m itochondria th a t are w ith in  the cells and are actively 
m etabolizing oxygen. The results o f B urton and Ingold bear this out. 
Th eir data revealed th a t “beta-carotene, p articu larly  when it is present 
a t rath er low concentrations, is a  very effective an tio x id an t.” This 
m e c h a n ism has no relation sh ip  to its  effect as a  quencher o f singlet 
oxygen. From th e ir study, it  appeared th a t beta-carotene was able to 
reduce peroxyl radicals a t low  p a rtia l pressures o f oxygen, i.e ., a  chain- 
breaking type o f action. Their findings have been supported by other 
research in  this area [5 , 6 0 , 62 , 63J.
Supporting evidence for th is  ab ility  o f beta-carotene to function
as an effective an tioxid an t was also presented by Stocker et a l [641.
They compared the an tio x id an t properties o f beta-carotene and alpha- 
tocopherol a t low  oxygen pressures o f 20%  and 2%  (150 to rr and 15 
to rr respectively). Their resu lts dem onstrated th a t beta-carotene does 
have an antioxidant effect a t low  p artia l pressures. This was also 
substantiated by V ile and W interboum  [651 as w ell as Kennedy and  
Liebler [51. These investigators also provided evidence th a t showed the  
sam e antioxidant effect o f beta-carotene a t low  p a rtia l pressures o f 
oxygen.
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W ith  the above inform ation, it  therefore seems th a t beta- 
carotene is able to  n o t only function as a  quencher o f singlet oxygen 
(w hich its e lf is no t a  free radical) but m ay also serve to function  
specifically as an  an tio x id an t a t the low er p a rtia l pressures of oxygen 
th a t are present in  the periphery of the tissues. It  w ould appear th at 
the m echanism  o f beta-carotene’s an tioxidant actions relates to the 
form ation o f an  in h ib ito r rad ical. An in h ib itin g , carbon-centered  
rad ical is probably form ed by the addition o f an  R O O  (and, perhaps 
also o f an  R#) rad ical to the conjugated system  o f 6-carotene (4). This 
would be p articu la rly  beneficial a t the sub cellu lar level o f the 
organelles, such as the m itochondria. Since th e  oxygen pressures are 
usually in  the order o f a  range th at is below 2 0  to rr, these 
observations suggest th a t 6-carotene has an im p ortan t role as an 
antioxidant in  these environm ents.
U nfortunatefy, there has been only one study th a t has 
dem onstrated the an tioxid an t effect o f carotenoids in  hum ans. This 
was a study th a t involved placing a study group on a  carotenoid-free 
diet for two weeks and  then repleting them  w ith  6-carotene. These 
investigators were ab le to dem onstrate a decrease in  lip id  peroxidation
(661. A lthough th is  is the only study th a t has been done in  this
m a n n er, there is general agreement th a t w hat was dem onstrated and  
discussed here and in  preceding paragraphs is , in  feet, tru e. Therefore, 
it  seems th a t beta-carotene does have an an tio xid an t effect a t low  
levels o f oxygen.
In  sum m ary, beta-carotene is a  readily availab le provitam in. It  is  
one of m any carotenoids th a t occur in  nature. It  has a  particu lar role
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in  quenching singlet oxygen, one o f the reactive oxygen species form ed 
during norm al resp iration . In  addition to  th is  function, beta-carotene 
has an antioxidant action. This is noted a t the low  partia l pressures of 
oxygen th a t are found in  the tissues a t th e  ce llu lar level. An 
antioxidant effect, coupled w ith its  a b ility  to quench singlet oxygen, 
enables beta-carotene to be an im portant and necessary n u trien t in  
the aerobic and exercising body. It  w ill d im in ish  the dam aging effects 
o f free radicals and  reactive oxygen species on the cellu lar and 
subcellular structures.
2 .7 .3  V itam in  C (ascorbate)
Vitam in C, also known as ascorbic acid or ascorbate, is a  w ell- 
known w ater soluble vitam in. It is able to act as a  cofactor in  
m etabolic reactions and is involved in  m any biological activities, 
including the form ation o f collagen, neurotransm itters, and certain  
hormones. This p a rticu la r vitam in requires regular ingestion as the  
storage capacity in  the body is lim ited. Ascorbic acid is known to act 
as an antioxidant both in  vitro and in vivo [67, 68 , 69], Its  antioxidant 
capabilities are carried  out either d irectly or indirectly.
V itam in C m ay directly quench, o r satisfy, free radical species by 
reacting w ith superoxide anion a n d /o r by stab ilizing  the hydroxyl 
radical (O H *). The vitam in  scavenges aqueous superoxide and hydroxyl 
radicals and acts as a  chain-breaking an tio xid an t in  lip id  
peroxidations. In  th is  regard, the vitam in  C acts as a potent reducing  
agent possessing the ab ility  to reduce oxygen-, nitrogen-, and sulphur- 
centered radicals [70 ]. Ascorbate [AH) is able to react w ith  OH* and  
produce an “in h ib ito r” radical. An exam ple o f th is reaction is as 
follows:
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AH + OH* ------- > H ,0  + A*
This allows the hydroxyl radical to be reduced and prevent free radical 
damage from  taking place.
The effectiveness o f ascorbate as an  antioxidant is enhanced by 
the existence o f a  m echanism  for the regeneration of ascorbate (AH) 
from  its oxidation products, A* (71). These are reactions in  w hich  
glutathione (GSH) and glutathione d isu lfid e (GSSG) participate as 
depicted in  the following:
2 A* + H+ ..........> AH + A
2 A* + 2 GSH ......... > GSSG + 2 AH*
A + 2 GSH ......... > GSSG + AH + H +
2 A* + NADH + H+ --------> 2 AH* + NAD+
Vitam in C m ay also act indirectly as an antioxidant via  
regeneration o f reduced vitam in E , renew ing its  ab ility  to again act as 
an antioxidant. This indirect action regenerates the active form  of 
m em brane-bound vitam in E w hich w ill a llo w  protection o f lip id  
membranes from  peroxidation (Figure 8).
OKA
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Figure 8. Regeneration o f tocopherol (E) from  tocopherol rad ical (E*) 
by ascorbic acid (C).
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The hydrophilic ascorbic acid , w hich is located in  the aqueous 
phase o f the cell, is unable to scavenge lipophilic radicals found w ith in  
the lip id  region o f the m em branes. However, ascorbic acid can act as a  
synergist w ith  tocopherol [70. 721. This synergism  w ill be discussed 
la te r in  d eta il w ith in  th is paper. Suffice it  to say a t th is ju n c tu re  th a t 
there is  some disagreem ent o f w hether th is  synergistic relationship  
actu ally  exists. Some reports support it  [70, 73, 741, w hile others do 
not [75],
Before leaving the topic o f v itam in  C as one o f the non- 
enzym atic mechanisms o f an tioxid an t defense, m ention should be 
made o f the a b ility  o f ascorbate to act as a  prooxidant. The a b ility  o f 
ascorbate to serve as a  biological reductant accounts not only for its  
antioxid an t properties bu t also fo r its  a b ility  to catalyze free rad ical 
reactions [68, 70, 76, 77].
In  the presence o f redox-labile m etals, a  m arked in s tab ility  and  
prooxidant behavior o f ascorbate is observed [761. It  is generally agreed 
th a t the prooxidant activity o f ascorbate is derived from  its  a b ility  to 
reduce tran sition  m etals, Fe^+ o r Cu-^, by a  one-electron transfer 
m echanism , and also to reduce 0>, by a  two-electron m echanism  as 
shown by the reactions below [71 ]:
AH* + Fe3+ or Cu^+ --------> A* + Fe^+ or Cu+
AH* + O j + H + --------> H20 2 + A
These reduced products can then  resu lt in  the production o f 
superoxide and hydroxyl radicals as follows:
Fe^+ or C u+ + O? --------> O?* + Fe3+ or Cu^+
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fe2" or Cu+ +- H 2O 2 --------> OH" + O H * + Fe3+ or Cu2̂
W ith  curren t available knowledge, it  would appear th a t the  
antioxidant properties are m uch m ore prom inent th an  the la tter 
effects. It  is un likely th a t ascorbic acid acts as a  prooxidant In vivo 
under norm al physiological conditions [701.
2 .7 .4  C oenzym e 9 io  (ubiquinone)
Coenzyme Q 10 (CoQ), also know n as ubiquinone, is a  w ell known 
com ponent o f the m itochondrial respiratory chain  (figure 4) [78].
Energy-rich m olecules, such as glucose o r fa tty  acids, are 
m etabolized by a series o f oxidation reactions u ltim ate ly  yielding 
carbon dioxide and w ater. The m etabolic interm ediates o f these 
reactions donate electrons to specialized coenzymes, nicotinam ide 
adenine dinucleotide (NAD+) and flavin  adenine dinucleotide (FAD), to 
form  the energy-rich reduced enzymes, NADH and FADH>. These 
reduced coenzymes can, in  tu rn , each donate a  p a ir o f electrons to a  
specialized set of electron carriers, collectively called the electron 
transport chain (figure 9). As electrons are passed down the electron 
transport chain, they lose m uch o f th e ir free energy. P art o f this energy 
can be captured and stored by the production o f adenosine 
triphosphate (ATP) from  ADP and inorganic phosphate (Pi). This 
process is called oxidative phosphorylation. The rem ainder o f the free 
energy not trapped as ATP is released as heat [791.
Coenzyme Q is a  quinone derivative w ith  a  long isoprenoid ta il 
(the ubiquinone m oiety w ith  10 isoprene un its is designated as 
coenzyme Q 10). It is also called ubiquinone because it  is ubiquitous in  
biological systems. CoQ is th e  sim plest o f the electron carriers and is
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Complex II
Figure 9 . Electron Transport C hain
a  sm all hydrophobic m olecule dissolved in  the lip id  bilayer o f the 
m itochondrial inn er m em brane and in  other ce llu lar endomembranes 
[79. 80]. A  quinone (Q) can pick up or donate e ith er one or two 
electrons, and it  tem porarily  picks up a  proton from  the m edium  along 
w ith  each electron th a t it  carries (figure 10). Coenzyme Q can accept 
hydrogen atom s both from  FM NH 2 , produced by NADH dehydrogenase, 
and from  FADH2, w hich is produced by succinate dehydrogenase and 
acyl CoA dehydrogenase [79].
Recent research has dem onstrated th a t approxim ately 30% o f a ll 
CoQ takes p art in  its  role as a  coenzyme in  the electron transport 
chain. The rem aining 70%  o f its  activ ity takes place as an antioxidant 
in  most cells and tissues and th e ir organelles [81, 82, 83 , 84]. The role 
o f CoQ, both in  form ation o f free radicals and in  the cell’s protection  
against them , i.e ., the an tioxid an t function, appears w ell established 
[81, 85, 86, 87]. The phenol-ring structure has the antioxidant
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properties o f the m olecule, whereas th e  carbon chain (ta il) is 
responsible for transport and retention o f the m olecule w ith in  





Figure 10. Q uinones. Each o f these electron carriers in  the respiratory  
chain picks up one H + from  the aqueous environm ent for 
every electron it  accepts, and  it can cany either one or two 
electrons as p art o f a hydrogen atom  [yellow). W hen it 
donates its  electrons to the next carrier in  the chain , these 
protons are released. In  m itochondria, the quinone is 
ubiquinone (coenzyme Q), shown here.
Recent investigations have suggested th a t there exists an  
in terrelationship  between the lipophilic CoQ and lipophilic vitam in  E. 
Reduced CoQ is continuously formed by m itochondria to regenerate 
vitam in E from  its  rad ical form, the alpha-tocopherol rad ical [88, 891. 
In  fact, it  has been shown that CoQ is a  m ore potent rad ical quencher, 
w ith  estim ates o f CoQ having 10 tim es the antioxidant ac tiv ity  as 
vitam in E [88J.
Under norm al physiological situations, m ost tissues in  the  
h um an body predom inantly exist in  the reduced state. It  is know n th a t 
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tiie  m itochondria (figure 11). Reduced ubiquinone and reduced 
antioxidant compounds are prerequisites for proper an tioxidant 
function .
E -O HN A D H .
E -ON A D QHj
m ito ch o n d ria l e *  q u in o l fo rm atio n  re d u c e d  v ita m in  E  e .g ., re d u c e d  
p ro d u ctio n  (E -O H ) a s c o rb a te  o r o th e r
cyc lin g  a n tio x id a n ts
Figure 11. The significance o f electron generation by m itochondria  
and the coenzyme Q 10 tran sfer system.
It  is th is reduced state o f CoQ th a t w ill react w ith  free radicals  
and fu lfill th e ir antioxidant role (81, 8 2 ]. These reactions m ay be 
described as follows:
(1) Superoxide radical:
QH? + 2 O )* ------- > Q + H2O 2 + O)
From  previous discussion, is was noted th a t hydrogen peroxide 
is m etabolized in  m any different ways based on enzym atic processes.
(2) An organic free radical from  a  lip id , protein, or nucleotide (as 
sym bolized by R»):
QH2 + 2 R ................ Q + 2
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(3) Peroxyl radicals:
Q H2 + 2  ROO..............  Q + 2 ROOH
As can be seen from  th is  discussion. CoQ has a  very definite role 
in  the cell’s antioxidant defense. As discussed, CoQ’s role, s im ilar to 
other antioxidants, is based on the notion th a t the an tio x id an t is in a  
reduced state and has the a b ility  to donate electrons to a  rad ical to 
quench it  and remove its  harm fu l potential. Com parable w ith  the 
other previously discussed nonenzym atic m echanism s o f antioxidant 
defense, CoQ has a role to allow  the exercising ind ividu al a  com batant 
against the bom bardm ent o f free rad icals on tissues and cellu lar 
structures.
2 .8  E xercise and F ree R adical G eneration
A lthough exercise has been shown to have m any benefits, there 
have been few  w ell-controlled prospective studies th a t actu a lly  support 
the notion th a t long-term  exercise prom otes longevity or protection  
from  disease. Some researchers have speculated th a t the generation of 
free radicals m ay represent the “dark side" of physical activ ity. The 
suggestion being th at because o f the damage inflicted  by free radicals 
the purported benefits o f exercise m ay be negated.
O xidative stress appears to be related to the in ten sity  o f the 
exercise. Exercise increases the rate  o f oxygen consum ption and flux  
o f electrons through the m itochondrial electron transport system  (site 
o f ATP production). In tu itive ly , it  w ould seem reasonable th a t free 
rad ical form ation would be enhanced to a  greater extent during  
exercise w hen compared to the resting state. D uring exercise, when
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oxygen consum ption is elevated 10 to 15 tim es above rest, free radicals 
m ay be form ed a t a  correspondingly higher rate.
2 .9  E xercise-in du ced  free rad ica l form ation
G enerally speaking, the m itochondria located in  skeletal muscle 
are a  m ajor producer o f free radicals, w ith  oxygen-centered radicals in  
p articu lar being formed during physical activity [ 101. There have been 
num erous studies w hich ind icate th a t free rad ical processes, such as 
lip id  peroxidation, were elevated during exercise. Perhaps the most 
frequently quoted data in  support o f a  role o f free rad icals in  exercise- 
induced damage to skeletal m uscle is th a t o f Davies and  co-workers 
[90]. Th is data dem onstrated th a t exercise to exhaustion in  rats 
resulted in  decreased m itochondrial respiratory control, lost 
sarcoplasm ic reticulum  in tegrity , increased lip id  peroxidation and 
increased free radical generation as shown by electron spin resonance 
studies.
As a  consequence of increased oxygen consum ption during even 
a single bout o f exercise, it  is reasonable to assum e th a t lip id  
peroxidation m ay occur w ith in  cells as a result o f form ation o f free- 
radicals. In  fact, it  has been estim ated that for every 25  oxygen 
m olecules reduced by cytochrom e oxidase during resp iration , there is 
the concom itant production o f one free radical [911. As noted earlier, 
electron transport through the m itochondria m ay resu lt in  free radical 
form ation and reactive oxygen species. Consistent w ith  th is  premise is 
the fact th a t the production ra te  o f hydrogen peroxide w ith in  the 
m itochondria has been linked  d irectly  to energy production w ith in  the 
electron transport system [401. There have been other researchers that
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have provided evidence for the production o f free radicals during  
exercise (9, 10, 42 , 47, 92, 93 , 94 , 951.
W ith in  the fram ew ork o f these studies, it  is possible to propose 
a  theoretical m odel fo r exercise-induced free rad ica l form ation. 
Prooxidant reactions m ay be in itia ted  w hen (1) the electron flow  
through the cytochrome chain is  high, (2) hypoxic tissues provide an  
abundance o f hydrogen ions to react w ith  the increased levels o f 
superoxide produced, and (3) hypoxia leads to a freeing o f transition  
m etals, such as Fe, C u. Mg, to catalyze rad ical form ation [961.
In  spite o f the data cited in  the preceding paragraph, not a ll 
studies have produced similar results. There are various reports th a t 
have not dem onstrated an association between exercise and oxidative 
stress. A  study w hich m onitored both plasm a and  skeletal muscle 
m arkers o f free-radical-m ediated damage follow ing m axim um  eccentric 
and concentric exercise, exam ined the po ten tia l role o f free radicals in  
exercise-induced m uscle dam age. The results o f th is study provided no 
support for the involvem ent o f oxygen free radicals in  exercise-induced 
m uscle damage [971. This p articu la r study by Saxton et a i was done in  
such a m anner as to induce skeletal m uscle dam age w ithout 
substantial elevation o f the m etabolic rate. It  was fe lt un likely th a t 
the m etabolic stress encountered when an isolated m uscle performs a  
bout o f discrete eccentric m uscle actions, w ith  rest periods between 
repetitions, is o f a  s im ilar order o f m agnitude to th a t w hich occurs 
w ith  running where the po ten tia l exists for generation o f oxygen free 
rad ical species in  other tissues besides active skeletal m uscle. 
Although there m ay not be a  large quantity  o f oxygen consumed w ith  
repetitive exercise, it  was fe lt th a t concentric w ork incurs greater
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oxygen cost than com parable eccentric w ork b u t produces m inim al 
damage to the m uscle. A nother study searched fo r evidence o f 
oxidative stress follow ing a  tria th lo n  race. This study u tilized  
com petitors who were tra ined  for the event. A t the com pletion o f the  
triath lon , these investigators were unable to dem onstrate any evidence 
o f oxidative stress [98]. O ne other study exam ined tra ined  rowers and  
subjected them  to high in tensity  rowing. To tal d a ily  tra in in g  tim e was 
65 m inutes a t 70% VO*,,** and 38 m inutes a t > 90%  m axim al V 0 2 for a  
period o f four weeks. There was no apparent oxidative stress or m uscle 
damage produced from  th is  specific activ ity  [99].
Nevertheless, there is substantial evidence to support the  
production of free rad icals during exercise. Evidence to support the  
role o f free radicals as a  cause o f skeletal m uscle dam age, however, is 
less clear and rem ains elusive. There are m any confounding factors 
involved in  finding a resolution to th is question. F irs t, there is a  
m ajor d ifficu lty in  obtain ing com parable data. The aforem entioned  
studies vary in  the m ode o f exercise perform ed, fitness o f the subjects, 
intensity o f the exercise and the length o f the exercise bout. For 
example, w eightlifting type exercises are m ostly anaerobic type 
activities. Although w eightlifting  m ay be able to produce skeletal 
muscle damage, it  m ay n o t be o f sufficient aerobic in ten sity  to u tilize  
the m itochondrial electron transport chain  and produce oxidative 
stress. It  is also questionable to assume th a t damage can be caused by 
a  single m echanism . J u s t because ROS do not cause dam age during  
anaerobic work does n o t m ean they are inactive during aerobic w ork. 
Another exam ple w ould be th a t low -intensity aerobic activities in
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trained individuals m ay not produce oxidative stress a n d /o r overcome 
the adaptive tra in in g  effect so th a t no evidence o f oxidant stress w ould  
be noted. A nother shortcom ing is the m ethods employed to docum ent 
exercise-induced free radicals. This w ill be addressed in  the following 
section.
2 .1 0  M arkers o f  exercise-in d u ced  tis su e  dam age
Various by-products o f oxidative dam age induced by exercise 
m ay be m easured to verify th at oxidative stress has occurred. The m ost 
accurate m ethods (b u t least available) are those th a t m easure free 
radicals directly, such as electron spin resonance (ESR) spectroscopy 
o r electron param agnetic resonance (EPR) spectroscopy. This 
technique is able to m easure the ac tu a l am ount o f free radicals 
form ed. The m ost com m only used m ethods fo r determ ining oxidative 
stress, however, have involved indirect m easurem ents o f a variety o f 
biomarkers. Depending on the specific m arker, they m ay be measured 
in  the blood, u rine, o r in  expired gases [9 , 23J. Such biom arkers are 
utilized  because they are readily available and because they measure 
the by-products o f oxidative dam age. Some o f the m ost commonly used 
m arkers are ethane and pentane, conjugated dienes, m alondialdehyde 
(M DA), th iobarb itu ric  acid reactive substances (TRARS), and serum  
enzymes.
The m ethods n a m ed above have been used to verify and 
quantitate the existence o f exercise-induced skeletal m uscle damage 
and lip id  peroxidation. The results o f any study u tiliz in g  one o f these 
techniques are called in to  question due to the methodology chosen to 
assess the biom arkers o f oxidative stress. As w ith  a ll scientific
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endeavors, the use o f the most accurate and reliab le m ethod Is always 
tempered by such im portant considerations as cost, availab ility , 
resources, tim e constraints, feasib ility and  ease o f use. C erta in ly  a ll 
researchers w ould relish the idea o f using the best means possible a t 
a ll times and in  every situation. R egrettably and realistically , th is  is 
not always possible. As these are the m ost com m only used m ethods of 
determining the presence o f oxidative a n d /o r skeletal m uscle damage, 
the positive and negative reasons to support th e ir use w ill be 
addressed. U ltim ately , the choice o f the m ost appropriate m ethod to 
utilize m ust be individualized.
2 .1 0 .1  B reath  eth an e and p en tan e
O xidation o f polyunsaturated fa tty  acids (PUFA) resu lts in  the 
production o f ethane and pentane w hich m ay be detected v ia  breath  
analysis. Both o f these gases are form ed as a  resu lt of degradation  
(peroxidation) o f PUFAs. Pentane is derived from  the om ega-6 fam ily of 
PUFAs (such as lino leic acid), w hile ethane is derived from  the omega- 
3 PUFA fam ily (such as linolenic acid) (1001. These expired compounds 
m ay be u tilized  as an  index o f lip id  peroxidation and m ay be applied as 
a quantitative m easure in vivo using gas chrom atography [1 01 , 1021.
One o f the valuable qualities o f th is  m ethodology is the fact 
th at this testing procedure is a noninvasive in vivo m easure o f 
peroxidation o f lip id s . This test is read ily  perform ed and easily  
adaptable to the subject(s) and m ay be perform ed during th e  actual 
exercise (depending on the protocol). M oreover, m easurem ent o f 
hydrocarbon gases is econom ical and requires lim ited fac ility .
U nfortunately, the production o f hydrocarbon gases is  
considered a m ino r reaction pathw ay o f lip id  peroxide decom position
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and may not reflect actual tissue oxidation [23. 103]. Hydrocarbon gas 
production and m easurem ent m ay also be affected by bacteria as a ir 
pollutants (producing gas) and by oxygen concentration in vivo. 
Additionally, hydrocarbon gas production depends on the presence o f 
m etal ions to decompose lip id peroxides and so m ay not give an  
adequate index o f the overall peroxidation process if  such ions are 
only available in  lim ited  am ounts [ 103].
Regardless o f the above stated lim ita tio n s, pentane and ethane 
continue to be used as a m easure o f biological lip id  peroxidation. 
Although rigorous controls are required, the noninvasive n atu re  o f this  
detection technique w ill allow  for its  continued use.
2 .1 0 .2  C onjugated d ien es
A ttack o f free radicals on the PUFAs o f cell m em branes causes 
the form ation o f hydroperoxides w ith  conjugated dienes [104]. These 
conjugated diene structures w hich are form ed during the peroxidation  
o f PUFAs m ay be detected by th e ir a b ility  to absorb u ltravio let (UV) 
ligh t in the w avelength range o f 2 3 0 -2 3 5  nm . This properly o f U V  
absorbance allow s for m easurem ent o f an  early stage in  the  
peroxidation process and is useful in  studies o f pure lipids [28]. This 
simple m ethod o f diene-conjugate m easurem ents is applied to lip id  
extracts from  hum an body flu ids, m ost com m only serum .
This m ethod is less frequently used as it  seems to have greater 
utilization  w hen analyzing bu lk lip ids as opposed to biological 
m aterials. It  has been reported th a t there are serious problem s w hich  
can arise when used on hum an body flu ids [103]. It  has been described 
th a t the diene conjugates from  hum an body flu ids is produced by 
hydrogen abstraction from  linoleic acid and reaction w ith  the resu lting
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carbon-centered radicals w ith  p ro tein . The preferred reaction o f 
carbon-centered radicals, however, is  w ith  oxygen, not w ith  protein  
[281. Furtherm ore, there is no u n iversa l agreem ent th a t there is 
conclusive evidence to support th e  idea th a t the conjugated dienes 
found in  plasm a is a product o f oxidative stress. Few studies apply  
th is  m ethod to th e ir research efforts as great caution m ust be 
exercised in  applying conjugated diene m ethods to biological systems 
and m aterials.
2 .1 0 .3  M alondialdehyde (MDA) and T hiobarbituric A cid  
R eactive S u b stan ces (TBARS)
O ne o f the m ost com m only used assays for the detection and  
m easurem ent o f lip id  peroxidation is the determ ination o f TBARS by 
the thio b arb itu ric  acid (TBA) test. TBA m ay be used as a  test reagent 
to follow  th e  progress and extent o f lip id  peroxidation in  biological 
systems. Previous studies have show n th a t the am ount o f red product 
as noted by absorptiom etry produced in  the TBA test from  aerobically 
incubated tissue was proportional to peroxide content an d  oxygen 
consum ption during PUFA oxidation [331. Although TBARS m ay be 
produced as a  resu lt o f PUFA peroxidation, this substance is also 
associated w ith  M DA. Since M D A  reacts w ith  TBA in  acid to generate a  
red pigm ent having a  visible absorption spectrum  id en tica l to th a t o f 
PUFA-derived TBARS, it is generally fe lt th a t some o f the m easured 
TBARS m ay also represent M DA [33].
M alondialdehyde is one o f several low  m olecular w eight end 
products form ed as a  consequence o f the decom position o f various 
lip id  peroxidation products. U nder appropriate conditions, M DA  
readily reacts w ith  2 - th iobarb itu ric acid  (TBA), generating a  p in k o r red
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chrom agen th a t represents a  MDA:TBA adduct in  a  1:2 proportion. 
This chrom agen m ay be m easured by its fluorescence o r it  absorbance 
characteristics.
Some o f the M DA detected in  the TBA test is  form ed during the  
peroxidation process itse lf, b u t m ost is generated by decomposition o f 
lip id  peroxides during  the acid-heating stage o f th e  test, a  process th a t 
is  accelerated by tran sitio n  m etal ions in  the TBA, acid and  
substances being tested. Thus, the TBA test does no t m easure M DA  
form ed in  the peroxidation system , therefore th e  term  TBA-reactive 
substances (TBARS) is a m uch better term  to use [ 105, 1061.
The TBA test for the m easurem ent o f TBARS (M DA) is in  
common use and has stood the test o f tim e for its  usefulness. M any o f 
the previously quoted studies have relied upon th is  test procedure to 
determ ine the presence o f lip id  peroxidation and asserts to its 
widespread use. It  is a ra th er sim ple test to perform  and requires 
lim ited  technological resources. This test has fa irly  w ide u tility  as it  
m ay be applied to defined m em brane systems such as microsomes as 
w ell as body flu ids and tissue extracts. It  is also a  relatively  
inexpensive test w ith  high sensitivity and experim ental ease of the test 
procedure. In  addition, the TBA test does reveal the presence of TBARS 
in  a reliab le m anner.
D eterm ining the presence o f TBARS as an  ind icato r o f lip id  
peroxidation is not w ith o u t its  lim itations, however. A lthough sim ple 
to perform , the TBA test is a  nonspecific assdy. There m ay be other 
aldehydes other than  M DA present in  the sam ple w ith  s im ilar 
absorbance a n d /o r fluorescence. A  second d ifficu lty  is the fact th a t a  
variable am ount o f the M DA produced in  the TBA test is formed during
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the acid-heating phase o f the assay, and consequently m ay give 
m isleading results [9 , 105]. It  has also been shown th a t the presence 
o f transition m etals (p articu larly  iron) invite  a rtifa c tu a l oxidation of 
sample PUFAs during the testing procedure [33]. Lastly, the test m ay 
be affected by the presence o f chain-breaking antioxidants in  the 
sample. The greater the sam ple content o f the antioxidant, the lower 
w ill be the TBA reactiv ity  [28]. (A lthough th is  m ay be viewed as 
negative, this m ay also be one way o f determ ining the effect o f 
antioxidant use on peroxidation w ith in  the sam ple).
In  spite o f these lim itations, the m easurem ent o f TBARS and  
MDA by the TBA test continues to rem ain a com m on fixture in  the 
assessment o f lip id  peroxidation in  the scientific com m unity. Indeed, 
the value of the TBA test is th a t the peroxidation process beginning in  
the reaction m ixture is effectively am plified in  the assay itself, and in  
so doing, m aking it very sensitive [ 106]. In  review ing the literatu re it is 
readily apparent th a t th is  procedure is frequently employed. A lthough  
a nonspecific assay, w ith  the institu tio n  o f rigorous controls during  
the test procedure, m any o f the shortcom ings w ill be dim inished or 
nearly elim inated.
2 .1 0 .4  E lectron  Param agnetic R eson an ce (EPR)
Each of the previously discussed techniques used for the 
detection o f lip id  peroxidation was an Indirect m easure o f the 
form ation of free rad icals. This use o f secondary indicators o f free 
radical production is lim ited  by the po ten tial flaw s in  the procedures 
as w ell as assum ptions th a t m ust be m ade w hen using an indirect 
measure to record any event.
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Due to the high reactivity o f free rad icals, suitable techniques to 
detect th eir presence is a  d ifficu lt task. E lectron spin (param agnetic) 
resonance (ESR or EPR) is a  spectroscopic technique th at detects the  
unpaired electron present in  a  free rad ical. As such, it is the only 
approach th at can provide direct evidence for the presence o f a free 
radical. In  addition, the analysis of the ESR  spectrum  generally 
enables the determ ination o f the id en tity  o f the free radical [107].
Spin trapping is a technique in  w hich a  short-lived, reactive free 
rad ical combines w ith  a diam agnetic (“spin trap") molecule to form  a  
more stable free radical (“radical adduct”) w hich can be detected by 
electron spin resonance [107]. This technique involves the addition o f 
a prim ary radical across the double bond o f the diam agnetic com pound 
to form  an adduct more stable than the prim ary radical [108].
This technique is by far the m ost accurate way to determ ine the 
existence o f free rad ical form ation in  the biological system being 
evaluated. As th is is a  direct m easurem ent o f the generation o f free 
radicals, the requirem ent o f assum ptions u tiliz in g  indirect evidence is 
avoided. ESR represents the m ethod w ith  the most reliab ility  and 
dependability.
In  spite o f the great prom ise o f th is  technique, ESR is not 
w ithout its own lim itations. One o f the m ajo r lim itations is the 
availab ility  and cost o f th is  type o f technology. The equipm ent needed 
for this type of analysis w ill only be found in  the larger research 
facilities in  those actively involved in  th is  type o f research. As such, 
the accessibility o f th is  resource w ill be proh ibitively restricted. The 
equipm ent is also very expensive to acquire and m aintain fu rth er 
restricting is availab ility  and usefulness. In  addition, the sensitivity is
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directly dependent on frequency (o f spin resonance), and low -frequency  
instrum ents have been unable to achieve, as yet, the sensitiv ity  needed 
to detect the low  concentrations o f rad ical adducts generated in vivo 
(1081.
In  add ition , there inherent d ifficu lties w ith  the sam ple itse lf.
The radical adduct m ust be stable long enough to not on ly survive the  
biological environm ent in  w hich it  is m ade, b u t also the tim e th a t is  
required to prepare the sample for analysis. The techniques used to 
obtain the sam ple requires an extraction technique relying on 
hom ogenization o f the tissue. As a consequence, the physical 
destruction m ay its e lf lead to free rad ical form ation in  som e m anner 
(i.e ., the release o f iron  and subsequent hydroxyl rad ical generation) 
(108). Recent approaches have attem pted to decrease th is  p o ten tia l 
problem  by exam ining biological flu ids such as urine, b ile , and  blood 
(or plasma) d irectly  for spin adducts [ 108J.
Mason and Knecht have stated th a t in  practice, both extraction  
o f tissues and the exam ination o f biological flu ids should be used.
They also noted th a t regardless o f how the samples are obtained for 
ESR analysis, the relatively short lifetim e o f m any rad ical adducts w ill 
preclude th e ir detection in  in vivo experim ents. A dditionally, they  
expressed the thought th a t ex vivo lip id  peroxidation is c learly  a  
concern in  a ll in  vivo experim ents where sam ple handling and  
treatm ent occur and needs to be addressed no m atter w h at technique 
is used to assess free radical form ation [ 108].
In  sum m ary, although spin trapping is the m ost d irec t m ethod  
for the detection o f h ighly reactive free rad icals in vivo and  h igh ly  
desirable, its  m ajor lim itations are its  high economy o f use and
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availab ility. This la tte r issue w ill preclude its  use in  many, if  not m ost, 
research settings.
2 .1 0 .5  Serum  E nzym es
C ertain serum  enzymes have been used as diagnostic m arkers o f 
m usculoskeletal in ju ry , most notably, creatine kinase (CK) and lactate  
dehydrogenase (LD H ). CK is found alm ost exclusively in  m yocardium , 
skeletal m uscle, and b ra in . CK catalyzes the reversible transfer o f 
energy-rich phosphate from  creatine phosphate to adenosine 
diphosphate, thus form ing adenosine triphosphate (ATP). The ATP 
formed is used m ain ly  by the m uscle during  contraction. Thus, CK is 
an essential enzym e fo r the m aintenance o f energy in  the muscle cell 
during activity involving m uscle contraction, such as long-term  or 
short-term  exercise. The enzyme LD H catalyzes the reversible 
oxidation o f lactate to  pyruvate and is w idely distributed in  
m am m alian tissues, being rich in  m yocardium , kidney, liver, and 
muscle.
Unaccustom ed o r novel physical exercise involving varying types 
o f muscle contractions has been shown to produce skeletal m uscle 
damage. Each type o f m uscle contraction exerts a  unique effect on 
skeletal m uscle. Concentric and isom etric m uscular contractions are  
known to in itia te  increases in  these enzym es, bu t to a m uch lesser 
extent than  eccentric contractions. In  o th er words, eccentric 
contractions resu lt in  a  m uch higher increase than  concentric 
contractions. It  has also been docum ented th a t there are definitive  
gender differences betw een m en and w om en. Nam ely th at women 
exhibit lower serum  enzym e activ ity  a t rest compared to m en. This 
gender discrepancy Is even m ore pronounced after exercise [ 109].
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K anter e t a l have attem pted to suggest a  correlation between 
serum  enzym e elevations and exercise-induced lip id  peroxidation [ 110]. 
Pre and post race serum  MDA, CK, and LD H levels were studied in  
runners follow ing an  8 0  km  (50 m ile) race. M DA. as noted above, is an 
indicator o f lip id  peroxidation. Nine m ale subjects were used w ith  an  
average age o f 4 7 .4  years (range 3 5 -6 0  years). These subjects had a  
mean m axim u m  oxygen uptake o f 4 8 .2  m l/k g , and  averaged 7 5  m iles 
per week in  tra in in g . Throughout the race, runners m aintained a  pace 
approxim ating 72%  VO w . MDA concentration w as measured by TBA 
assay. Serum  was obtained one hour p rio r to th e  race and w ith in  two 
m inutes o f recovery following the race.
The postrace serum  enzyme changes were as follows: CK 225% , 
CK-MB 171% , and  LDH 108%. MDA rose by 77%  a t the conclusion of 
the race. A ll post race values were significantly greater than resting  
values.
These researchers stated th at previous d ata  from  th e ir laboratory 
indicated a high correlation between resting M D A  and to tal CK and  
CK-MB. The resting data collected in  th is  study served to confirm  their 
earlier findings. In  addition, the relationship established a t rest 
persisted follow ing exercise.
It  w e is  concluded in  this study th a t post exercise serum  enzyme 
elevations, un iversally accepted as a  m arker o f tissue damage, 
correlate w ell and m ay be related to exercise-induced lip id  
peroxidation.
Although th is  study was w ell designed there are problems in  
assum ing th a t th is  correlation w ill always be a  va lid  one. There is
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great va ria b ility  in  the activity o f these enzym es, not only in  th e  types 
o f exercise sessions (mode, rate, in ten s ity ), b u t also am ong individuals  
(age, m uscle m ass, health  status) an d  even w ith in  the same 
individual. Training status w ill have a profound effect on the analysis 
o f these m easures, as the less tra in ed  subjects w ill have the greater 
skeletal m uscle dam age, yet m ay n o t be subject to the m ost oxidative 
stress. The results gleaned from  th is  study do indeed correlate serum  
enzyme levels w ith  m easures o f lip id  peroxidation. However, m ore data  
m ust be accum ulated to state th a t these correlations are usefu l in  
other exercise settings and in  a  varie ty  o f subjects.
2 .1 1  P ossib le J u stifica tio n  for th e  U se o f  N utrition al A n tioxid an ts 
Previous discussion has d ea lt w ith  the fact th a t free radicals  
m ay be form ed during  the oxidative stress o f exercise. The evidence 
supports the notion th a t as the u tiliza tio n  o f oxygen increases, so 
does the flu x  through the m itochondrial electron transport system  
w ith resu ltan t increased free rad ica l production [ 15, 90 , 93 , 94 ]. In  
addition to the increased form ation o f free radicals there are changes 
which occur w ith in  the tissues to com bat free radical a ttack.
Protective mechanisms are present to w ard o ff these harm fu l effects. 
For example, an  acute bout o f exercise has been shown to increase the 
antioxidant activities o f certain enzym es, i.e ., superoxide dism utase 
(SOD), catalase (CAT), and g lu tath io ne peroxidase (GPX) in  skeletal 
muscle, cardiac m uscle, and the liv e r (15 , 48 , 1 1 1 ,1 12 ]. A lthough it  
appears the tissues are able to ad ap t in  an  attem pt to m inim ize free 
radical dam age, the mechanism by w hich antloxidant enzym es can be 
activated w ith in  such a relatively sh o rt period o f tim e during exercise 
is  laigety unknow n [112].
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As stated in  the above paragraph, it has been dem onstrated th at 
acute exercise w ill induce such enzym es as SOD, CAT, and GPX. 
S im ilarly , chronic exercise w ill resu lt in  a sim ilar induction  o f these 
enzym es. In  particu lar, M n-SO D  and m itochondrial G PX show a  
greater induction in  response to  tra in in g  in com parison to the other 
antioxid an t enzymes [111, 112]. I t  seems that the tra in in g  effects on 
catalase and C u /Z n -S O D  are less prom inent when com pared to the 
aforem entioned enzymes [112]. Interestingly, skeletal m uscle has one 
o f the low est antioxidant enzym e levels in  the body, b u t oxygen flux  
m ay increase 10 to 20-fo ld  d u rin g  strenuous activity. The large 
increase in  the production o f free rad ical species m ay act as a stim ulus 
fo r an increase in  antioxidant enzym e synthesis, e ith er d irectly or 
ind irectly  [ 112]. It  has been dem onstrated th a t the m axim a] activities 
o f several an tioxidant enzymes correlate w ith aerobic capacity among 
tissues [15]. In  other words, tissues w ith  high oxygen consum ption, 
such as heart, brain , and liver, have relatively high an tioxid an t levels. 
Conversely, those tissues w ith  re lative ly  lower m etabolism , such as 
skeletal m uscle, have com paratively low  levels o f an tio x id an t enzymes. 
This observation relates w ell to the impression th a t tissues w ith  high 
aerobic activ ity  require greater protection from oxygen-derived radicals. 
This protection could be provided in  the form o f enhanced activity of 
antioxid an t enzymes. These enzym es, however, m ay not be able to 
m eet the needs o f intense tra in in g  and n u tritio n al antioxidants may 
be necessary to com bat free rad ica l attack [45, 47, 49].
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2 .1 2  E xercise E n h an ces A ntioxidant E nzym es
Various investigations have shown th a t an tioxid an t enzymes 
m ay be enhanced by exercise. A  frequently studied “enzyme” is 
glutathione (GSH) w hich m ay be readily studied by using red blood 
cells. Erythrocytes u tilize  glutathione to prevent the oxidation of 
hem oglobin to m ethem oglobin and therefore m ay be studied for its  
antioxidant effects and concentrations. In  an  analysis o f blood 
antioxidant status, D u th ie  e t a l studied seven tra ined  runners before 
and up to 120 hours a fte r com pleting a  half-m arathon (13.1 miles)
(1131. D uring th is  investigation he m onitored blood levels o f 
conjugated dienes, TBARS, erythrocyte GSH, and creatine kinase (CK) 
activity. Skeletal m uscle damage was indicated by a  significant 
increase in  CK follow ing the race. However, there was no evidence of 
lip id  peroxidation as there was no concom itant increase in  TBARS or 
conjugated dienes. There were noted significant changes w hich  
occurred in  erythrocyte G SH. There was a  decrease in  G SH w ith in  the 
erythrocytes im m ediately follow ing the race allow ing increased 
susceptibility o f these cells to lip id  peroxidation. These results  
indicated th a t there w ere significant changes in  the GSH  
concentrations, i.e ., an tio xid an t status, in  the erythrocyte after the 
exercise. This effect was noted even when there was no elevation of 
plasm a indices o f lip id  peroxidation indicating th a t blood antioxidant 
status is subject to change as a  reflection o f physical activ ity.
A different study using erythrocytes was perform ed w ith  
glutathione reductase ac tiv ity  (GR) being exam ined [111]. This study 
evaluated GR function ing u tiliz in g  sedentary m ales perform ing th irty  
(30) m inutes o f exercise on a  bicycle ergom eter a t 75% V 0 2  m ax. (It
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m ay be recalled th a t the function o f G R is to  restore G SH  levels 
toward norm al by oxid izing G SSG . As G SH  levels decrease, GR should 
increase). These researchers found th a t the bout o f acute exercise 
resulted in  an increase in  G R activity in  an effo rt to  m aintain levels o f 
G SH . Presum ably, th is  increase in  the free rad ical scavenging system  
is a n  attem pt to m a in ta in  levels of reduced g lu tath ione (GSH).
The above study evaluated the effects o f an  acute bout o f aerobic 
exercise on an tioxidant enzym e activity. A  subsequent study perform ed 
by the same investigator evaluated the effects o f 10 weeks o f aerobic 
training as opposed to  an  acute episode [112]. In  th is  study, GR 
activity w ith in  erythrocytes were measured as w ell as erythrocyte 
catalase activity. S im ila r to the previous study, the results of this  
study provided evidence th a t aerobic activity  increased antioxidant 
abilities o f the erythrocytes.
Robertson et a l exam ined blood antioxidants in  tw enty runners 
and six sedentary ind ividuals [ 116 J. The runners were subsequently 
divided into two groups: low -training runners (1 6 -4 3  km /w k) and high- 
training runners (8 0 -1 4 7  km /w k). Plasma CK activ ity  was used as an  
indicator o f m uscle dam age and had a  significant correlation to w eekly 
mileage. Erythrocyte activities of the an tioxidant enzym es, glutathione  
peroxidase and catalase, were significantly and positively correlated 
w ith  the weekly tra in in g  m ileage. Total erythrocyte glutathione content 
was higher in  the tw o tra in in g  groups and was accounted for by an  
increase in  reduced glu tath ione content. These results indicated th a t 
there is an Increase in  blood antioxidant defense m echanisms 
associated w ith  endurance training.
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J i et a l exam ined the effects o f exercise on antioxidant enzym es 
in  skeletal m uscle [481. In  th is  investigation, glutathione status and  
antioxidant enzym es in  various types o f ra t skeletal muscle were 
studied after an acute bout o f exercise a t d ifferent intensities. This 
study was undertaken w ith  the knowledge th a t m axim al activities o f 
several an tioxidant enzym es, e.g., SOD and CAT, correlate w ith  
aerobic capacity am ong various tissues such as m uscle, red blood 
cells, lung and b ra in  [ 15]. The results o f th is  study dem onstrated th a t 
an acute bout o f exercise significantly increased activities o f certain  
antioxidant enzym es such as GPX, GR, and CAT. These findings 
support the data from  the previously m entioned research th at 
activation o f an tio x id an t enzymes m ay be observed after exercise, i.e ., 
exercise enhances an tioxid an t enzymes.
As is usu ally  the case in  the scientific arena, not a ll research 
agrees w ith  the above data. A  study u tiliz in g  subm axim a I cycling 
exercise in  a  repeated fashion on m oderately trained  men produced no 
rise in  plasm a GSSG. Presum ably w ith  free rad ical production, the 
level o f GSSG should increase in response to reduction o f hydrogen 
peroxide to w ater. In  th is  study, however, th is  was not the case. These 
investigators obtained no evidence th a t repeated bouts of exercise 
induced sufficient oxidant stress to resu lt in  cum ulative or persistent 
effects on the blood g lutathione redox status [ 1141.
O ther studies have given conflicting, and  a t tim es, confusing 
results. A  com parison o f three separate studies bears this out. For 
exam ple, one study perform ed by J i e t a l provided results w hich  
dem onstrated no change in  GSSG and an  increase in  GSH w hich  
contradicted a  study done by G ohil e t a l w hich revealed a  decrease in
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GSH and an increase in  GSSG [ 118, 119], Confounding th is  even 
fu rth er is a  report th a t reported no change in  GSH and an  increase in  
GSSG [120],
The findings from  these studies are not easily resolved. There 
was no standardized protocols used in  them . The exercise regimens 
were d ifferent as were the m ethod o f testing and the fitness levels o f 
the partic ipants. A dditionally, the n u tritio n a l status o f th e  subjects 
were not iden tified . It  is therefore not possible to ascertain the 
definitive ratio n ale  for the d issim ilarity .
2 .1 3  N u trition a l A ntioxid ants can  augm ent en d ogen ou s d efen ses
Increases in  plasm a and tissue antioxidant concentrations and  
antioxidant enzyme activities in  tra in ed  athletes com pared w ith  
sedentary ind ividuals indicate adaptive upregulation o f the  
antioxidant defense system. This is like ly  to be a response to 
enhanced, persistent oxidative loads arising from  sustained exercise 
[118]. However, such adaptations m ay be insufficient to com pletely 
protect an in d iv id u al who trains extensively. This has been noted in  
various studies some o f which have already been alluded to in  previous 
discussion. For exam ple, the study com paring blood glu tath ione  
concentrations and  creatine kinase activities in  athletes who 
consistently tra in  (run) 80 -147  k m /w k  [116].
There has been a  considerable am ount o f investigation w hich  
has been undertaken to evaluate the effects o f n u tritio n a l 
antioxidants on exercise-induced oxidative stress. Results from  these 
studies have provided encouragem ent for a  benefit in  reduction o f the  
adverse effects o f tissue oxidation [10, 96 , 1191. There appears to be a  
reduction o f the detrim ental repercussions o f oxidative stress w hich
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occurs w ith  exercise. This w ill be detailed under an tioxid an t 
supplem entation and exercise-induced lip id  peroxidation.
In  addition, most o f the reports In  the lite ra tu re  th a t have 
evaluated the increase in  antioxidant enzyme activities following  
exercise have reported enhancem ent in  the order o f 15-50%  [121J. 
O xidative enzyme activity, on the o ther hand, usually rises to a  much 
greater m agnitude as a resu lt o f a  tra in in g  effect. As a  consequence, 
there is an  overall decrease in  the ratio  o f an tioxidant protection as 
com pared to oxidative capacity [108, 120, 121]. These findings would 
suggest th a t an  individual actively involved in  an aerobic train ing  
program  m ay not possess adequate antioxidant defenses to counteract 
the oxidative stress th at occurs as p a rt o f the outcom e o f exercise 
train ing . This would indeed lend cred ib ility  to the im plication  that 
individuals who regularly engage in  physical activity  w ould derive 
benefit from  supplem entation o f antioxidants.
N u tritio n al antioxidants are present to bolster the antioxidant 
enzyme activities, but th e ir qu antity  m ay be inadequate to provide the 
greatest benefit. It  is th is premise th a t allows ju s tifica tio n  to be made 
to foster the use o f antioxidant supplem ents in  a tra in in g  program . 
This w ill be detailed in  section 2 .1 5  o f th is  dissertation en titled , 
A ntioxidant Supplem entation and Exercise. It  is in  th is  section that 
the results o f studies w hich have evaluated the effects o f 
supplem entation w ill be presented.
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2 .1 4  S yn ergistic In terrela tion sh ip  betw een  V itam in  C and
V itam in B
v i tam in C, or ascorbic acid (ascorbate) and vitam in E  
(tocopherols) are both noted for m any functions. Relevant to th is  
discussion are th eir roles in  antioxidant ab ility . V itam in  C is w ater- 
soluble and is considered to be the most im portant antioxidant in  
extracellu lar fluids [3 1 1. As noted from  earlier discussion, vitam in C 
has been shown to scavenge superoxide, hydrogen peroxide, and the 
hydroxyl radical. V itam in  E is fat-soluble and is able to function as an  
antioxidant due to its  in tegral relationship w ith  ce llu lar mem branes. 
As an In vivo antioxidant, v itam in  E is able to protect tissue lipids 
from  free radical attack and peroxidative damage.
In  addition to th e ir separate and d istinct roles in  antioxidant 
function, there does exist a  synergistic in terrelationship between 
vitam in  C and vitam in  E. As noted in  a previous section, vitam in C 
m ay directly quench free rad ical species by reacting w ith  superoxide 
anion a n d /o r stabilizing the hydroxyl radical. However, v itam in  C m ay 
also act indirectly as an an tioxid an t via regeneration o f reduced 
vitam in  E , renewing its a b ility  to function as an an tioxidant. This 
regeneration of active, m em brane - bound, chain-breaking vitam in  E 
enables th is vitam in to protect the cellu lar m em branes from  lip id  
peroxidation (Figure 12). V itam in  E is able to term inate chain- 
propagation reactions by reacting  w ith  the peroxyl rad ical and  
preventing further abstraction o f hydrogen from  the fa tty  acids w ith in  
the mem brane. V itam in E, in  the reduced state, is able to provide a  
hydrogen for the reduction o f the lip id  peroxy rad ical. However, the 
oxidized vitam in E m ust be regenerated to m aintain  its  functional
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Figure 12. A ntioxidant activities and recycling o f vitam in  C and E.
GSSG is oxidized glu tath ione, GSH is reduced glu tath ione, and LOO* 
is a  lip id  peroxyl rad ical. Ascrobic acid is oxidized to dehydroascorbic 
acid, w hich can be regenerated to the reduced or active form  by 
glutathione. A lpha-tocopherol is  oxidized to a  tocopheroxyl radical in  
reacting w ith  a  free rad ical and then m ay be regenerated to the active, 
reduced form  by ascorbate.
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activity. In  vitro  studies have provided evidence th at vitam in C  
reduces the tocopherol rad ical and subsequently restores the rad ical- 
scavenging ab ility  o f v itam in  E [1, 127]. The tocopherol rad ical th a t 
forms in  membranes is  thought to react w ith  the ascorbate to yield  
tocopherol and the ascorbyl rad ical, the resu lt o f w hich is to m aintain  
rad ical scavenging po ten tia l w ith in  the m em brane by regenerating 
tocopherol and to tran sfer the oxidative challenge to the aqueous 
phase [ 1, 69, 721 This regeneration o f oxidized vitam in E is thought to 
require not only v itam in  C, b u t NADPH and reduced glutathione as 
w ell.
Although such a  synergistic activ ity  has been shown using 
m odel systems, d irect and unam biguous evidence for its  occurrence in  
biological systems has yet to be defin itively presented [ 1, 69].
2 .1 5  P oten tia l Ergogenic  E ffects o f  A n tioxid an t Supplem ents
Athletes a t a ll levels o f com petition are continuously searching 
for any means th a t w ill give them  a  com petitive advantage over the 
opposition. In  spite o f the fact th a t the key to a th letic  success involves 
proper biochem ical, physiologic, and psychologic train ing , the search 
for an ergogenic enhancem ent continues undaunted. It  is thought th a t 
perform ance m ay be enhanced by im proving e ith er energy efficiency, 
energy control, a n d /o r energy production du rin g  exercise through the  
use o f various ergogenic aids.
Ergogenic aids m ay be divided in to  several general categories. 
Such things as improvements in  shoes, or orthotics would constitute  
biomechanicaj aids. Pharm acologic aids includes such things as 
anabolic steroids and a  w hole host o f available drugs. Physiologic aids
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could involve blood doping to cause an increase in  red blood cell mass 
to improve oxygen delivery. Hypnosis could be used as a  psychological 
aid . In  particu lar and relevant to the overall discussion in  th is  
docum ent is the use o f antioxidants as a  n u tritio n a l ergogenic aid . 
D ietary intake plays a  m ajor role in  perform ance and it  is in  th is  
regard that athletes have looked to vita m in s  and m inerals in  order to 
presum ably provide optim al and efficient use o f available energy. 
Athletes presume th a t there m ight not be adequate quantities o f 
certain nutrients in  th e ir norm al diet and th a t increased am ounts m ay 
be beneficial to th e ir endeavors.
It  is a w ell-know n fact th a t exercise perform ance w ill be 
im paired as a  result o f a  m icronutrient deficiency. Decreases in  
perform ance m ay be docum ented when there is a  reduced d ietary  
in take or serum  levels (or both) o f one or m ore vitam ins a n d /o r 
m inerals. A prom inent and frequently occurring exam ple o f th is  is iron  
deficiency anem ia.
As stated earlier in  th is  review, the generation o f free radicals is 
a  norm al occurrence. These free radicals, as a  consequence o f th e ir 
nonspecific reactivity and harm fu l effects, m ay damage a n d /o r a lte r 
cellu lar membranes and m olecular structures. Due to the fact th a t 
increased physical activ ity  obligatorily increases oxygen consum ption, 
generation o f free radicals w ill be increased as w ell. Increasing exercise 
intensity has been suggested to be associated w ith  increased 
production o f free radicals [ 123). A lowered antioxidant status has also 
been shown in  hum ans w ith  intense physical activity [ 124]. In  
addition, the production o f fatigue during exercise has been noted to 
be likewise associated w ith  the form ation o f free radicals [ 104]. It  is
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w ith  this in  m ind th a t a  rationale for supplem entation o f antioxidants  
m ay be proposed. In  essence, antioxidants could serve as an ergogenic 
aid.
The po ten tial beneficial effects o f the use o f antioxidants is no t 
a universally held b e lie f however. A lthough there have been m any 
studies and investigations, much controversy s till exists. For exam ple, 
it  has been stated th a t “There is little  if  an y evidence th at n u tritio n a l 
supplements have an effect on perform ance or m uscle mass in  athletes  
con su m in g  a  balanced d iet; some o f these products have the potential 
to induce adverse effects, however" [125]. In  d irect opposition to th is  
statem ent is the follow ing: “A fin a l conclusion from  the b rief overview  
o f research on n u tritio n a l ergogenic aids is  th a t there is no question 
th at dietary m anipu lation  or supplem ents can improve hum an exercise 
performance in  certain settings. A  prevailing opinion that 
supplem entation o f ath letes w ith  n u trien ts  is useless, harm ful, or 
quackery is rap id ly m elting under the h eat o f scientific findings" [ 126].
The follow ing section of th is review  w ill specifically deal w ith  
antioxidant supplem entation. The discussion w ill focus on argum ents 
for and against the use o f vitam in E, v itam in  C, antioxidant m ixtures  
(which includes beta-carotene), and an tio x id an t compounds as a  
means to enhance exercise performance.
2 .1 6  A ntioxidant Supplem en tation  and E xercise
Several studies w hich have frequently been cited in  the lite ra tu re  
concerning free-rad icals, exercise, and an tio x id an t supplem entation  
w ill be reviewed. A lthough there is a  large body o f literatu re  available  
to the interested reader, it is impossible to  discuss each and every
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study. Therefore, th is  review w ill be lim ited  to  the better studies th a t 
have been done (as there are m any th a t are plaqued by poor design). 
Most o f the studies th a t have been done have used less th an  ten  
subjects. An attem pt has been made to  discuss studies w hich have 
larger study populations, where availab le. A n attem pt has also been 
made to review the m ost frequently quoted studies used to support a 
particu lar point or prove a specific observation.
2 .1 6 .1  V itam in  C S u p p lem en tation
Frei undertook an investigation o f v itam in  C, ascorbic acid, and  
provided evidence th a t it  has the a b ility  to  protect lip ids against 
oxidative damage [ 127]. This researcher exposed hum an plasm a to 
different oxidative challenges, such as cigarette smoke, activated  
neutrophils, and chem ically generated peroxyl radicals, and followed 
the tem poral consum ption o f endogenous antioxidants in  re la tio n  to  
the in itia tio n  o f oxidative damage. U nder each type o f oxidizing  
condition, the ascorbic acid com pletely protected lipids in  the plasm a 
against any detectable peroxidative dam age. This study reported th a t 
vitam in C is the m ost effective an tio x id an t in  the plasm a.
One o f the notable elements o f th is  study was the m anner in  
w hich the oxidative damage was assessed. The very sensitive and  
selective high-perform ance liquid chrom atography (HPLC) assay was 
utilized . This m ethod measures lip id  hydroperoxides d irectly  thus  
allow ing for an  accurate determ ination o f by-products o f oxidative  
damage. M any other studies have used in d irect indices o f lip id  
peroxidation such as diene conjugation o r th iobarb itu ric acid  reactive 
substances w hich have th e ir lim itatio ns and were discussed in  an  
earlier section (section 2 .10 ).
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Frei concluded th a t his d ata  proved th a t ascorbic acid was able 
to function as a very effective an tioxid an t and afford protection to 
plasm a lipids against detectable peroxidative damage induced by 
different types of oxidants. From  the data presented in  th is  study, it 
would seem reasonable to consider v itam in  C as a  supplem ent to 
protect against oxidative stress.
A lthough this study did  provide rath er solid evidence for the role 
o f vitam in  C as a protector against peroxidative dam age, th is  data may 
not be read ily applicable to the w orking m uscle and body. This 
research was confined to in vitro laboratory conditions and was not 
perform ed w ith in  a tru e  physiological state. Equating a rtific ia lly  
induced stress in  a test-tube does not always relate to the aerobically 
exercising ind ividual. There are m any variables th a t are only present in  
the hum an and m ay not be reproduced experim entally as done here. In  
particu lar, it  is d ifficu lt to determ ine an appropriate dosage required 
by the exercising person to achieve the antioxidant benefits suggested 
by this research.
In  spite of th is  obvious lim ita tio n , these data do provide 
evidence th a t ascorbic acid does protect lipids against oxidative 
damage and certainly is very encouraging and suggestive as a rationale 
for its  supplem entation.
Keith and D riskell perform ed a study evaluating lung function  
and treadm ill perform ance and ascorbic acid supplem ents [ 128]. This 
study evaluated twelve cigarette sm okers (10 pack-years or more) and 
ten nonsmokers (never sm oked), a ll m ales between ages 25  and 38  
years. Both o f these groups w ere un tra ined  and did not partic ipate in  
any regular exercise program . This was a  double-blind crossover study.
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The study consisted o f three periods. The firs t period involved three 
weeks o f either supplem entation o f vitam in C a t a dose o f 300  mg per 
day or placebo. Each o f the exercise param eters were m easured weekly. 
A fter 3 weeks the subjects were taken off the tablets for 4  weeks. 
D uring this four week in terval, no exercise tests were perform ed. This 
w ash-out period was chosen because it  has been reported th a t ascorbic 
acid has a  half-life  of 15 days. In  fact, this group o f researchers 
perform ed a  prelim inary study to verify this and it w as found th a t 
vitam in C levels did retu rn  to In itia l values in  supplem ented subjects 
in  four weeks after discontinuation. D uring the th ird  period (3 weeks) 
the subjects received the tablets not given during the firs t period and 
measurements were perform ed weekly.
One o f the particu larly  useful bits o f inform ation w hich was 
perform ed in  this investigation (and frequently om itted in  other 
studies) was the actual m easurem ent of plasm a levels o f vitam in C. It  
was reported that plasm a levels o f vitam in C rose sign ifican tly  as 
compared to those w ith  and w ithout supplem entation, and clearly 
substantiate that increased levels were achieved. The d ata  obtained in  
the study indicated th a t ascorbic acid supplem ents appeared to have 
little  effect on lung function and physical perform ance.
One o f the fau lts o f the study is that there is “sign ificant” 
overlap w ith in  the standard deviations in the actu al plasm a values. 
W ith  such a  sm all num ber o f subjects, 3 -4  subjects a t any one tim e 
could have been deviating the levels and im pairing th e  results  
regardless o f whether it  was the supplem ented group o r the placebo 
group.
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A nother flaw  o f th is design concerns the dosage o f 300  mg per day o f 
ascorbic acid which was probably too sm all to show any kind  of effect 
(e ither positive or negative). I t  has been shown th a t a  dose o f 200  
m g/day does not fu lly  satu rate  the plasm a. The plasm a is 
approxim ately 80% saturated a t th is  dose, furtherm ore, the plasm a 
saturates a t 1000 mg per day [ 129]. It  is also im portant to bear in  
m ind th a t the data for plasm a and cells are based on adm inistration  
o f pure vitam in C alone a t least 1.5 hours before m eals. In  th is  study, 
the tim ing of adm inistration was not specified, nor was there any  
ind ication o f the tim ing o f m eals.
Moreover, the subjects in  th is  investigation perform ed treadm ill 
exercise a t 50% of th e ir V 0 2max as estim ated by heart rate [ 128]. This 
m ay not have provided enough physiological stress to enable the 
observance of any difference in  physical ab ility . The treadm ill workload 
and ventilation m easurem ents were performed during the last m inute 
o f the 5 m inute exercise period. This m ethod did not allow  for any 
observance for changes du rin g  the in itia l phases o f the exercise and 
involved only five m inutes o f exercise. Although it  has been stated th a t 
oxygen radicals are formed even a t rest, the norm al body’s defenses are 
like ly  to cope w ith th is q u an tity . In  order to reveal th a t an antioxidant 
effect was enhanced, the exercise bout should be m ore stressful and 
longer than the norm al am ount th a t m ight occur a t rest. An increase 
o f oxygen - radical generation w ith  an appropriate stim ulus is needed to 
dem onstrate an effect. It  is do ub tfu l th at any effects could be seen 
w ith  th is “less-than-stressful” exercise bout.
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These investigators also m easured postexercise lactic acid values 
{128]. The blood lactic acid  levels o f both the sm okers and nonsmokers 
decreased gradually across the 3 week period w h ile  on the ascorbic acid  
supplem entation. There was great ind ividual varia tio n  however. Blood 
lactate levels did decrease as supplem entation continued in  both 
groups suggesting e ith e r a  beneficial effect a n d /o r a  tra in in g  effect.
One last po int from  this study was noted in  th e  data but not 
emphasized by these researchers. Very b rie f m ention was made o f the 
feet th a t both groups tended to have low er postexercise systolic blood 
pressure readings, h igher VOiirax, and low er postexercise blood lactic 
acid values during the ascorbic acid treatm ent th an  during the 
placebo. Em phasis w as probably avoided here due to the fact th at 
none o f the values reached statistical significance.
Research perform ed by Alessio and G oldfarb attem pted to 
describe how vitam in  C supplem entation affects oxidative stress 
balance by assessing a  prooxidant biom arker, th iob arb itu ric  acid 
reactive substances (TBARS), and a  to ta l an tio x id an t activity  
biom arker, oxygen rad ical absorbance capacity (ORAC), before and 
after 30 m inutes o f exercise a t 80% VO,max [94].
In  this study, n ine m ale subjects w ere used. A ll o f them  were 
stated to be young (m ean age was 33 years + 2 .6  years), fit (VOinox was 
56 .24  + 2.5 m l/k g /m in ) and highly m otivated. Each subject 
participated in  a ll three phases o f the investigation in  a  random ized 
order: subm axim al exercise w ith  placebo for 1 day, one day of 1 g 
vitam in C supplem ent, and two weeks o f 1 g /d a y  vitam in  C 
supplem ent Supplem ents were taken in  two doses o f 500 mg each w ith
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m eals. There w as a  two w eek period o f no supplem ents between each 
condition.
Following an  acute bout of exercise a t 80%  o f V O ^ , TBARS 
levels averaged 12.6%  above resting levels w hen the subjects had been 
supplem ented w ith  v itam in  C for 1 day, 33%  above resting levels when 
supplem ented for 2 weeks, and 46% above resting levels when they 
received a  placebo. These changes in  TBARS before and after exercise 
however reached significance only w hen subjects were not 
supplemented.
ORAC, a  b iom arker o f to tal an tio x id an t activ ity  in  plasm a, 
tended to rise 12.6% , 4.9% , and 5.7%  above resting levels a fter 
subm axim al exercise for the placebo treatm ent, for 1 day vitam in  C 
supplem entation, and  for 2 weeks o f v itam in  C supplem entation, 
respectively. S im ila r to TBARS, these changes in  ORAC levels following 
exercise were not sign ificant regardless o f vitam in  C supplem entation. 
O verall, the prooxldantrantloxidant balance, as indicated by the  
TBARS:ORAC ra tio , was tilte d  m ost tow ard oxidative stress w hen the 
subjects had no v itam in  C supplem ents (32.5% ). This reached 
significance only w hen com pared to the one day supplem entation. Two 
weeks o f vitam in  C supplem entation resulted in  a  25.5%  change in  
TBARS:ORAC a fte r exercise, but failed  to reach statistical significance 
th an  either o f the o th er two conditions follow ing exercise.
This study d id  show  th a t only under exercise-induced oxidative 
stress were the effects o f vitam in  C supplem entation noticeable. 
In tu itively, th is  m akes sense, as oxidative stress under resting  
conditions w ould be expected to be m inim a 1 (w hile during exercise
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production o f free radicals is increased). This study did reveal (as 
expected) th a t the prooxidant:antloxidant balance was approxim ately  
the same regardless o f supplem entation a t rest.
One o f the potential flaws o f th is  study design is the m anner in  
which oxidative by-products were assessed. TBARS was used for th is  
data collection. This assay does have an  inherent problem  o f lacking  
specificity w hen applied to hum an plasm a. There are laboratory  
adaptations th a t m ay be undertaken to avoid some o f these obstacles. 
U nfortunately, it  is unknown if  som e o f these adaptations were used 
to obtain an y o f these values. Furtherm ore, w hile the w ork o f Alessio 
and G oldfarb does suggest th a t v itam in  C supplem entation reduces 
exercise-induced oxidative stress, it  does not provide insight in to  any  
possible ergogenic benefit. This was a  short-term  study th a t d id  not 
address perform ance. Hence, how a  vitam in  C induced reduction in  
oxidative stress relates to enhancem ent o f exercise perform ance 
rem ains  unansw ered.
Studies by Jakem an and M axw ell highlight the possible 
im portance o f changes in  an tioxidant status and supplem entation  
din ing eccentric exercise. Jakem an and M axw ell investigated the  
effects o f an tioxid an t vitam in supplem entation upon m uscle 
contractile function  following eccentric exercise in  a  double-b lind  
fashion (130]. This study was undertaken to determ ine w hether dietary  
supplem entation o f antioxidant vitam ins, nam ely v itam in  C and  
vitam in E , could attenuate the loss o f contractile function  follow ing  
eccentric exercise.
This study u tilized  a  box-stepping protocol to induce eccentric 
muscle stress/dam age. The m uscles used were the triceps surae,
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nam ely the gastrocnem ius and the soleus, w hich are know n for their 
h igh oxidative capacity and are predom inantly slow m uscles. These 
m uscles are more resistant to fatigue as compared to  fast muscle fibers 
and therefore less vulnerable to  free radical In ju ry  and oxidative stress. 
Tw enty-four physically active young subjects (m ean age 19.6 years) 
ingested either placebo, vitam in  E (400 mg), or v itam in  C (400 mg) for 
21 days prior to and for 7 days a fte r perform ing one h o ur o f box- 
stepping exercise. C ontractile function o f the triceps surae was 
assessed by the m easurem ent o f m axim al voluntary contraction (MVC) 
and the ratio  o f the force generated a t 2 0  Hz and 50  Hz tetanic  
stim ulation before and after eccentric exercise and fo r 7 days during 
recovery. V itam in C (400 m g/day for 21 days) prom oted less low- 
frequency fatigue (indicative o f exercise-induced m uscle damage) than  
did vitam in E or placebo [ 1301. This investigation also revealed th at 
recovery o f m axim a l vo luntary contraction during a  2 4  ho ur post­
exercise period was also greater in  vitam in C supplem ented subjects.
Following the eccentric exercise, MVC decreased to 75% of the 
preexercise values and the 2 0 /5 0  Hz ratio  o f tetan ic tension from 0.76  
to 0 .49 . Compared to the placebo group no significant changes in  MVC 
were observed im m ediately post-exercise for e ither vitam in  C or E, 
though recovery of MVC in  the firs t 24  hours post-exercise was 
greatest in  the group supplem ented w ith  vitam in  C. The decrease in  
2 0 /5 0  Hz ratio  of tetanic tension was significantly less (P < 0.05) post­
exercise and in  the in itia l phase o f recovery in  subjects supplem ented 
w ith  vitam in C, but not w ith  v itam in  E . These data suggested that 
p rio r vitam in  C supplem entation m ay exert a  protective effect against 
eccentric exercise-induced m uscle damage.
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The authors assum ed th a t the use o f these m uscles in  th is  
fashion resulted In  oxidative stress yet did not provide any m easures o f 
th is  phenomenon e ith er by d irect or ind irect m easure o f free rad ical 
generation or ROS production. Increased oxidative stress was not 
docum ented in  the data.
The om ission o f any biom arker o f oxidative stress in  the above 
study was addressed in  a  very s im ilar study perform ed by the sam e 
researchers [1311. Th is study also u tilized  healthy subjects (24) 
undertaking one hour o f box-stepping exercise. S im ilar doses were 
used as w ell as placebo as in  the previous study (i.e ., vitam in  C 400  
m g/d , vitam in  E 400  m g /d ). This study reported no significant changes 
in  plasm a m alondialdehyde (M DA), a  frequently used biom arker o f 
oxidative dam age. The speculation w ould be sim ilar to the statem ents 
in  the previous paragraph, and in  fact, verify the suggestion th a t the  
mode o f exercise used in  the study  did not cause significant free 
radical production o r oxidative stress to be noted by the M DA. 
A lternatively it  could be argued th a t an increase in  an tioxid an t status  
(as found in  th is  study [ 131 ]) was sufficient to quench any oxidants 
th a t were produced.
In  th is  second study by Jakem an and M axw ell, although the  
muscles did respond to the eccentric exercise w ith  elevations o f 
creatine k in a se  as w ell as decreased MVC and the 2 0 /5 0  Hz ratio  o f 
tetanic tension, there is  nothing in  the d ata  to verify th a t th is  w as in  
fact due to oxidative in ju ry  o r sim ply a  function o f eccentric exercise- 
induced m uscle dam age. A nother factor related to the m uscle was the  
fact th a t these subjects were “physically active” and “fu lly  h ab itu ated  
to the experim ental procedures”. O ther th an  stating the m ean
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m axim al oxygen u p take o f the subjects, no notation is made as to the  
am ount or k ind  o f tra in in g  (if any) the subjects were accustomed to  
perform ing. There w as no specification o f the m eaning o f those term s. 
Various fitness routines m ight tend to favor some subjects over some 
o f the others in  th e  perform ance and response to the exercise and the  
results o f the study.
A study perform ed by Peters, et a l evaluated long distance 
runners who ingested vitam in C 600 m g /d  for 21 days prior to an 
ultram arathon (90  km ) race {132]. They reported th a t there were fewer 
cases of upper resp iratory infections in  runners who ingested vitam in  
C than runners w ho did not ingest the supplem ent. From th e ir data, it  
is not possible to determ ine if  these apparent benefits were due to the  
antioxidant properties o f the ascorbic acid  o r some other factor. 
A lthough it  w ould seem  th a t the distance o f th is  ultram arathon w ould  
im part oxidative stress, the increased susceptib ility to infection is a  
very nebulous s itu a tio n  and a poor m arker o f oxidative stress. One o f 
the confounding factors not discussed o r addressed in th is study is the 
am ount o f exposure to illness encountered by these runners during  
th e ir daily living. Those runners w ith  th e  m ost exposure w ould 
certa in ly  be the m ost like ly  to become infected. Moreover, Peters did  
not measure any biom arkers of lip id  peroxidation or oxidative stress to 
verify th at th is  w as present. Certainty such an  extrem e distance o f 90  
km  is sufficient to  resu lt in  oxidative stress, yet th is was not 
investigated. Nor w as there any clear d a ta  to dem onstrate th a t the  
plasm a levels w ere changed by the supplem entation th at would suggest 
a  beneficial increase. In  addition, there was no direct evaluation o f the  
effects o f the v itam in  C supplem entation on exercise perform ance.
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A recent double-blind study com pared the effects o f a low dose 
(500  mg) o f v itam in  C to a high dose (2 0 0 0  mg) on m uscular strength, 
endurance and m axim u m  oxygen consum ption ( 133). Both acute (four 
hours prior to  testing) and chronic (supplem entation for one week) 
modes o f ad m in is tration  for each dose were tested. D eterm inations  
were perform ed on tw enty-four subjects for m uscular strength  
(quadriceps and pectoral muscles), m uscular endurance, and V O w . 
Significant im provem ents were noted in  quadriceps strength. However, 
there was no effect on quadriceps endurance o r pectoral strength or 
endurance w ith  the acute dosing o f v itam in  C 5 0 0  mg. In  add ition , 
there was a significantly reduced V 0 2m3x- Acute dosing o f 2000  mg 
produced no significant changes in  oxygen consum ption, m uscular 
strength or endurance. Further testing was performed follow ing 
chronic supplem entation of 5 0 0  mg fo r seven days. This supplem ent 
regimen resulted in  significantly increased quadriceps and pectoral 
muscle strength, reduced m uscular endurance (quadriceps and  
pectoral) and significantly reduced V 0 2mtx- The only noticeable effect 
w ith 2000 m g ingestion for seven days was a  significant reduction in  
V O w . This study resulted in  several contradictory findings w hich  
makes in terp retation  d ifficu lt. Also, there was no discussion o f any  
oxidative biom arkers in  this data w hich w ould have clarified the  
known role o f the antioxidant effects o f v itam in  C on these 
param eters. A lthough acute dosing m ay have resulted in  some effect, 
there are m a n y  factors th at affect v itam in  C absorption.
U nfortunately, the m easurem ent o f th e  plasm a response to the
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vitam in C a d m in is tration  w as not reported. Furtherm ore, it  has not 
been established w hether chronic supplem entation for on ly seven days 
is a  sufficiently long enough period o f tim e for chronic effects on 
exercise to be noted.
In  conclusion, there is no doubt th a t vitam in C has antioxidant 
function. There are m any studies th a t h in t a t the benefits o f its  use as 
an  ergogenic aid. However, fu rth e r detailed research is necessary 
employing double-blind controls w ith  random ized crossover designs 
and large num bers o f subjects and  large doses o f ascorbate to more 
fu lly  evaluate the ergogenic effects o f vitam in  C.
2 .1 6 .2  V itam in  £  S u p p lem en tation
Brown, e t a l evaluated the effects o f vitam in E supplem entation  
on indexes o f lip id  peroxidation [ 1341. They studied two groups o f fifty  
males each, one group was com prised o f smokers (> 10 years, > 15 
cigarettes/d) and another group w as m ade up o f nonsm okers (it was 
not reported if  any were form er sm okers). A ll were reportedly healthy  
factory workers who were on no m edication or supplem ents. There were 
four treatm ent groups (smokers vs nonsm okers and placebo vs vitam in  
E supplem entation). For a  ten w eek period, each subject w as 
instructed to ingest either a  placebo o r 280  mg alpha-tocopherol 
im m ediately a fter breakfast. A ctivity  levels were not specified during  
the tria l. Blood samples were draw n im m ediately before 
supplem entation and then 10 weeks la te r after an overnight fast.
The results o f the study w ere as follows: (1) plasm a and  
erythrocyte vitam in  E concentration did  not significantly d iffer 
between smokers and nonsm okers a t week 0 and increased equally as 
the study progressed. These values rem ained unchanged in  the
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sm okers and nonsm okers receiving the placebo. (2) Before 
supplem entation the susceptibility o f the erythrocytes to  hydrogen 
peroxide-induced peroxidation was m arkedly greater in  sm okers than  
in  nonsm okers. (The susceptibility o f erythrocytes to hydrogen 
peroxide-stim ulated peroxidation in vitro was used as a  fun ction al 
m easure o f an tio x id an t status). This difference was abolished after 
vitam in E  supplem entation, w hich reduced erythrocyte peroxidation in  
both sm okers and nonsm okers a like. (3) Plasm a concentrations o f lip id  
peroxides, TBARS, and conjugated dienes w ere o rig in a lly  h igher in  
sm okers th an  nonsm okers, but th is difference was abolished after 
supplem entation w ith  vitam in E. A ll o f the above support the claim  
th a t supplem entation w ith vitam in E suppresses lip id  peroxidation.
A  notew orthy aspect o f th is study is the fact th a t two 
param eters o f lip id  peroxidation, conjugated dienes and TBARS, were 
assessed. Both o f these m easurem ents are ind irect biom arkers o f lip id  
peroxidation. Due to the im perfections o f these biom arker 
m easurem ents, the use o f a  second one w ill serve to confirm  the  
results o f the other enhancing the cred ib ility  o f the d a ta .
There are however, several shortcom ings in  th is  p a rtic u la r study. 
A ll o f the subjects were over forty-five years o f age. Aging is know n to 
increase susceptib ility  to free rad ical a ttack  and decrease antioxidant 
capacity. As these subjects were a ll m iddle-aged, th is  m ay have created 
a  tendency for an  increased lip id  peroxidation due to th e  aging 
process. Secondly, there was no m ention o f com pliance levels or 
dietary in takes o f th e  subjects. A lthough the d ata  w ere consistent, 
there w ould be w ide variab ility  w ith in  the d a ta  if  there w ere  
com pliance problem s or various d ietary practices. A d d itio nally , the
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Investigators stated th a t the subjects were factory w orkers, bu t 
provided no indication o f the exact physical characteristics or 
dem ands of the occupational requirem ents. It  is conceivable th a t the 
indicators of peroxidation could be elevated due to heavy physical 
labor as opposed to  someone w ith  a  more sedentary type o f position. 
F in ally , no m ention was m ade o f the actual activity  levels o f the  
subjects either before o r during  the period of investigation. This 
ham pers the application o f th is  d ata  to the physically active ind ividual 
and exercise perform ance. In  spite o f these lim itations, it  w ould appear 
th a t vitam in E m ay have some u tility  in  the reduction o f oxidative 
stress.
Sum ida, et a l, undertook an  evaluation o f the effects o f exercise 
on lip id  peroxidation as a  function o f vitam in E supplem entation  
[ 135]. In  addition, w hether m em brane damage resulting from  lip id  
peroxidation was exam ined from  the standpoint o f leakage o f enzymes 
from  tissues into blood.
Twenty-one healthy m ales (m ean age 20 .3  ±  0 .3  years) 
participated in  th is tria l. Each ingested 300 m g/ day o f v itam in  E for 
fou r weeks. Plasm a levels o f v itam in  E were assayed, and found to 
increase from  9.6 ±  0 .6  to  2 2 .3  ± 1 .1  /*g /m l during the fo u r week 
period. Each subject perform ed a  control tria l and a  v itam in  E tria l 
before and after the four w eek vitam in  E supplem entation period. It  is 
n o t clear from  the artic le  w hat w as m eant by th is  type o f study design. 
I t  appears th at a ll o f the subjects ingested vitam in E. These same 
subjects underw ent testing  p rio r to  vitam in E supplem entation  
followed by repeat testing a fte r fo u r weeks o f vitam in E . Likew ise, it 
appeared that the subjects served as th e ir own controls. The subjects
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perform ed an increm ental exercise test to exhaustion on a M onark 
bicycle ergometer. Blood samples were taken before the exercise, 
im m ediately a fte r exhaustion, and a t one and three hours into the 
recovery period. The lip id  peroxide content w as estim ated by m easuring 
m alondialdehyde (M DA).
S ignificant differences were not found in  m axim al oxygen 
consum ption, m axim al h eart rate, or exercise tim e to exhaustion 
between the control and the vitam in E  tria ls . M DA concentrations in  
the vitam in E tria l w ere significantly low er th a n  those in  the control 
tria l (3 .8  + 0 .2  n m o l/m l vs 4 .4  ±  0 .2  n m o le /m l a t pre-exercise). MDA 
concentrations did  not change from  pre-exercise, or a t 1, or 3 hours 
recovery. A slight bu t significant increase in  M D A  concentration (4.5 ±  
0.2) was observed im m ediately after the contro l exercise.
Although this investigation showed a  sign ificant decrease in  
M DA, indicating a  beneficial effect in  com bating oxidative stress due 
to exhaustive exercise, there was no sign ifican t prolongation o f tim e to 
exhaustion. One o f the factors th a t m ay have contributed to th is  
outcom e is the feet th a t the subjects began w ith  lower levels o f MDA  
prio r to the ingestion o f vitam in  E. This m ay have been due to an  
effect o f the fitness level o f the individuals w ith in  th is group. In  this  
study, it  was stated th a t “we used sedentary o r m oderately trained  
m en”. This was the only m ention of any h in t o f fitness levels in  the 
subjects. Therefore, the observed differences w ith  respect to MDA m ay 
be due to differences in  the fitness level o f the p articu lar subject 
a n d /o r the absolute in ten sity  o f the exercise bout. Nonetheless, th eir 
results indicate th a t lip id  peroxidation occurs follow ing a bout o f 
exhaustive exercise in  young males.
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O n the o ther hand, MDA levels in  the serum  did not increase 
Im m ediately a fte r the vitam in E exercise despite the fact th a t the same 
m axim al exercise in tensity  was achieved in  the vitam in E and the 
control exercise group. Rather, the M D A  levels were decreased 
significantly im m ediately post-exercise. The speculative conclusion 
would be th a t the vitam in  E supplem entation inh ib ited lip id  
peroxidation follow ing the exhaustive exercise.
Lastly, this study was not a  double blinded design. Just because 
VQw t rem ains the sam e does not m ean th a t perform ance w ill as w ell. 
However, th is  w ould not seem to tarn ish  the results as the exercise 
param eters were v irtu a lly  identical. In  add ition , there could be no 
placebo type o f effect th a t would be detectable by plasm a or serum  
analysis. Therefore, the data presented in  th is  investigation w ould  
suggest th a t v itam in  E is effective for the in h ib itio n  of oxidative 
membrane dam age seen im m ediately follow ing exhaustive exercise.
Another group o f investigators evaluated the effects of 
antioxidant vitam ins (E  or C) on lip id  peroxidation in  subjects 
exposed to extrem e endurance stress [ 136]. The in tent o f th is in q u iry  
was to establish w hether extrem e endurance (physiological) stress o f 
trained athletes can influence lip id  peroxidation and m uscle enzym es. 
A random ized and placebo-controlled study was performed on 24  
trained long-distance runners who were supplem ented w ith  v itam in  E  
4 0 0 1.U ./d  and v itam in  C 200 m g /d  fo r 4 .5  weeks prior to a  m arathon  
race. The serum  concentrations o f re tin o l, ascorbic acid, 6-carotene, 
alpha-tocopherol, M DA, uric acid, g lu tath ione peroxidase, and  
catalase were m easured 4 .5  weeks before, im m ediatety before,
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im m ediately a fter and 24 hours a fte r com pletion o f the race. In  
addition, m easurem ents of creatine kinase were taken before and after 
the race. Since the increase o f CK serum  concentration is rem arkably  
lower in  the supplem ented group com pared w ith  the placebo group  
(P < 0 .01) im m ediately after and 2 4  hours a fte r the m arathon, these 
investigators concluded th at endurance tra in in g  coupled w ith  
antioxidant vitam in  supplem entation reduces blood CK increase under 
exercise stress. It  was also discovered th a t the levels o f TBARS in  the 
serum  decreased fo r both the supplem ented group and the placebo 
group. The serum  levels of ascorbate and tocopherol were both  
increased in  the supplem ented group as expected, however there was 
no concom itant increase in  the g lu ta th io n e peroxidase or catalase. 
This study is certa in ly  suggestive o f some benefit o f the use o f 
com bining antioxidants, however it  cannot be established i f  the  
results were due to either of the v itam in s w orking alone or in  
sum m ation. Also, the authors did n o t m ake a  pow erful argum ent to 
attest to th e ir usefulness in  exercise perform ance.
Finally, there is one other study th a t provides very encouraging  
evidence in  the support o f the use o f v itam in  E to enhance exercise 
performance [137]. Supplem entation o f v itam in  E 400 m g /d  to  
m ountain clim bers a t altitudes above 5000  m eters for ten weeks 
com pletely prevented the loss in  anaerobic threshold seen in  
unsupplem ented control subjects. B reath  pentane exhalation  
increased 104% in  control subjects, b u t decreased 3.0%  in  
supplem ented subjects. The conclusion reached was th a t v itam in  E 
supplem entation had  a  beneficial effect on physical perform ance and  
tissue protection a t high altitude.
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In  contrast to the studies discussed above, there have been a  
variety  o f studies th at have shown no significant differences in  
perform ance a fte r supplem entation w ith  vitam in  E (138]. G enerally 
these studies have been w ell controlled and sure alm ost sis num erous as 
those studies th a t have reported a  benefit w ith  the use o f vitam in  E. 
U nfortunately, m any of the studies th a t have shown a benefit have 
suffered from  poor design or have employed different dosing regimens 
and different exercise intensities. A ny o r a ll o f these differences in  
research design m ay account for the vsiriations in the data. Further 
research is defin itely needed in  th is  area.
In  sum m ary, vitam in E is know n to be involved in  m any 
processes w ith in  the hum an body and is an essential m icronutrient. 
There is accum ulating evidence th a t a reduction in  oxidative stress 
from  physical activity m ay be possible w ith  vitam in E 
supplem entation. However, there are very few  studies on hum ans th at 
have shown any benefit in  w ell controlled study designs. The 
inform ation from  altitude studies suggest the use of vitam in E 
supplem entation. Further research is necessary w ith  w ell done 
controls to dem onstrate any short or long term  benefit o f v itam in  E 
supplem entation on lowering oxidative stress and enhancing  
performance.
2 .1 6 .3  A ntioxidant V itam in  M ixtures 
The provitam in beta-carotene is know n for its  an tioxid an t 
capabilities. As an  antioxidant, 6-carotene was used in  a  few studies 
to investigate if  it  could am eliorate exercise-induced lip id  peroxidation  
and skeletal m uscle damage. U nfortunately, because 6-carotene was 
supplied in  a  m ixture containing o th er antioxidants, v itam in  C and E,
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it  is d ifficu lt to ascertain if  an y  positive consequence can be ascribed 
to beta-carotene or the o ther compounds or both.
This next section w ill therefore not explore the potential benefits 
o f beta-carotene on exercise perform ance as th is is not available. 
Instead, th is section w ill deal w ith  the use o f an tioxid an t m ixtures 
w hich include beta-carotene and th e ir effect on exercise.
R anter et a l exam ined the effects of taking an  antioxidant 
vitam in m ixture consisting o f vitam ins C 1000  m g /d . vitam in E 5 9 2  
m g /d . and beta-carotene 3 0  m g /d , for six weeks on breath pentane 
and serum  MDA levels before and after exercise [91. The subjects were 
tw enty young nonsm oking m ales (2 0 -2 9  years old) w ith  the following 
m akeup: five well trained, five m oderately trained, and ten untrained  
(tra in ing  state established by m axim um  oxygen consum ption). The 
subjects were random ly assigned to either an an tioxidant vitam in  
group or a placebo group. Exercise consisted o f 3 0  m inutes o f running  
on a treadm ill at 60%  V O w  followed by five m in u te s  o f running at 
-90%  VOw . Blood and breath sam ples were collected im m ediately 
after the two exercise bouts. The antioxidant supplem ent did not 
prevent the exercise-induced increase in  lipid peroxidation, as reflected 
by the rate o f pentane production or the increase in  serum  MDA 
concentration. However, ingestion o f the antioxidant vitam ins did 
resu lt in  significantly low er resting and postexercise levels o f expired 
pentane and serum MDA. The conclusion reached by th is data was 
th a t the ingestion o f 6-carotene, vitam in C, and v itam in  E served to 
low er biom arkers o f lip id  peroxidation a t rest and a fte r exercise but did 
not prevent the exercise-induced increase in  oxidative stress.
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W hile th is was a w ell done study, it s till contains a few  
potential flaw s. A lthough fasting blood levels were obtained for a ll 
three vitam ins, subjects were excluded from  the study only if  their 
values for vitam in C or E were outside a p articu lar range. Apparently 
no such range was used concerning the beta-carotene, the reasons of 
w hich were not disclosed. M oreover, daily d ietary in take  before vitam in  
supplem entation was recorded, b u t again, no data w as expressed 
concerning beta-carotene. Furtherm ore, there was no discussion o f the 
m ethod used to assure com pliance o r com pliance m onitoring during  
the course o f the study. A nother potential flaw  o f th is  study design 
was th at the subjects were random ly assigned to the treatm ent groups 
and not stratified  according to fitness levels. The subjects w ith  the 
higher fitness levels m ay be subject to less oxidative stress during  
exhaustive exercise due to the tra in in g  effect o f the antioxidant 
enzymes.
The results o f th is study did provide the suggestion th a t 
supplem entation w ith  three an tioxid an t vitam ins decreased the 
absolute levels o f lip id  peroxide biom arkers produced as a consequence 
o f exercise. It  is not clear from  th is  data, however, w hether this  
apparent benefit is a ttrib u tab le  to an  Ind ividual v itam in  or is the 
cum ulative effect o f the vitam in  m ixture or both. Furtherm ore, the use 
o f the particu lar biom arkers used in  this study are not universally  
accepted as definitive m arkers o f lip id  peroxidation in  biological 
systems. However, the fin d ing th a t both the pentane and M DA  
followed sim ilar patterns o f change lends credence to th e ir 
In terpretation th a t the vitam in  m ixture resulted in  decreased lip id
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peroxidation and th a t exercise increased lip id  peroxidation. Finally', 
the exercise protocol used does not allow  for com parison w ith  race 
perform ance.
Regardless o f the po ten tia l fau lts  in  the above study, their 
results tend to favor the use o f an tio x id an t v itam ins. Conversely, 
another study perform ed by the sam e investigators could not duplicate 
the above results and is described in  the next paragraph.
A  p rio r study perform ed by K anter e t a l undertook to evaluate 
sim ilar param eters and resulted in  contradictory findings as compared 
to the above data [ 139]. In  th is  investigation, the effects o f four weeks 
o f an tloxidant vitam in supplem entation on serum  m arkers o f skeletal 
m uscle dam age (CK and m yoglobin) and lip id  peroxidation (MDA and 
conjugated diene form ation) were evaluated. T h e ir protocol called for 
the ingestion o f vitam in E 1000 IU , v itam in  C 1250 mg, and beta- 
carotene 37 .5  mg on a d aily  basis for the four w eek study period. The 
tw enty-five subjects had a  m ean age o f 32 years and perform ed 30 
m inutes o f dow nhill runn ing  a t 65%  maximum h eart rate to induce 
eccentric exercise related dam age. Sam ples of blood were obtained for 
the m easurem ent of CK, m yoglobin. M DA and conjugated dienes 
im m ediately following the exercise bout and one w eek later. Plasma 
m yoglobin rose significantly in  both the v itam in  supplem ented and  
placebo groups im m ediately follow ing the exercise b u t returned to 
norm al w ith in  48 hours. CK levels rose by 21%  and 25%  in  the 
vitam in supplem ented and placebo groups respectively. These increases 
in  CK levels In  e ither group were not sign ifican tly  d ifferent from  
baseline values im m ediately a fte r the exercise. However, not 
unexpectedly, the CK levels in  both the supplem ented group and the
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placebo group were significantly' greater than th e ir respective baseline 
values a t 24 hours. In  spite o f th e ir increases, the CK level rise at 24  
hours between the two groups (supplem ented vs placebo) were not 
significantly different. Im m ediately follow ing the exercise the plasm a 
M DA levels showed a  tw o-fo ld increase in  both groups, but returned to 
baseline w ith in  24  hours in  both groups. Conjugated diene levels 
decreased insign ifica n t ly  in  both groups and rem ained depressed u n til 
one week postexercise. B oth the M DA and diene levels failed to achieve 
any statistical difference. These results indicate th a t four weeks of 
antioxidant supplem entation did no t afford protection from  exercise- 
induced changes in  any o f the m easured param eters or biom arkers. 
This is contradictory to the previously discussed study by the same 
authors. In  th is  design however, it  is very possible th a t the mode of 
exercise employed did n o t provide a  great enough m etabolic stress to 
prom ote a  significant effect o f v itam in  supplem entation (subjects 
exercised a t -50%  VC^max)-
One other study has been cited in the lite ra tu re  w hich explored 
the effects o f a an tioxid an t m ixture on exercise (10). Eleven healthy  
m oderately trained m ale volunteers, aged 18-36 years, performed a 
graded exercise test on a  cycle ergom eter for 90 m inutes a t 65%  V O i^  
on three consecutive days. Blood samples were taken a t the first and 
th ird  tests, 10 m inutes before the bout and a t 15, 30 , 60 , and 90 
m inutes o f the exercise, and a t 15 m inutes postexercise. The first part 
o f the study did not include supplem entation. A fter the fin a l test, the 
subjects were placed on d a ily  supplem ents consisting o f vitam in E 533 
mg, vitam in C 1000 mg, and 6-carotene 10 mg for one m onth. A t the
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com pletion o f one m onth o f supplem entation, the subjects repeated 
the exercise and sam pling procedures. In  addition, after the firs t phase 
and following the com pletion o f the second phase, to tal u rine output 
was collected for 24  hours. This urinary collection was used to assess 
oxidative damage by determ ining the concentration of 
8-hydroxyguanosine, a  m arker o f RNA oxidation.
They found th a t the plasm a concentrations of a ll antioxidants  
increased w ith  supplem entation. The u rin ary  output o f the RNA 
biom arker did not change from  baseline values during the three days of 
exercise nor was it affected by the supplem entation.
There are several problems w ith th is  data collection. The exercise 
was rather m ild and it  is possible that m ore intense exercise is 
necessary to damage nucleic acids. Furtherm ore, the use o f th is type of 
biom arker for lip id  peroxidation has been very infrequently used in  
studies involving exercise. V irtu a lly  a ll o f the research addressing the 
issue o f antioxidants and exercise have chosen other methods o f 
determ ining oxidative dam age. The use o f th is particu lar m ethod in  
th is  study is questionable.
Another problem  w ith  the data collection stems from  the fact 
th a t the chosen subjects were m oderately trained  and train ing has 
been known to reduce oxidative damage due to exercise, w hich m ay 
hold true for RNA dam age as w ell.
In  conclusion, the equivocal results o f the above described 
studies stem from  differences in  methodology. The researchers used 
different tests, d ifferent dosages o f an tioxidant vitam ins, as w ell as 
different durations and  intensities of exercise. Nevertheless, there 
seems to be prom ise in  the antioxidant capacity o f beta-carotene. This
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possibility should be assessed as single supplem ents w ith  a whole 
battery o f oxidative dam age assays.
2 .1 6 .4  A n tioxid an t Com pounds
There is a conspicuous lack of any data involving v irtu a lly  any 
type of experim entation investigating the effects o f substances (as a  
single entity) other th a n  antioxidant v itam ins.
A review o f the lite ra tu re  did not bring to lig h t any hum an  
studies evaluating com pounds such as g lu tath ione (GSH). The only 
data found consisted o f a very few studies w hich were perform ed w ith  
various antioxidant vitam in(s), or other supplem ents such as 
carbohydrates.
The only study th a t w ill be noted is one o f a num ber o f anim al 
studies using a ra t m odel [ 140J. This was a  very com plicated design 
using H an-W instar ra ts  th a t investigated the use o f glutathione to 
decrease exercise-induced oxidative stress. In  designing th e ir 
experim ent, the authors did note th a t “although antioxidant 
protection dependent on vitam ins C and E can be enhanced by the 
sim ple use o f oral supplem ents, increasing the reducing power of the 
th io l pool (prim arily  contributed by -SH  o f G SH) is fa r m ore 
challenging”. One o f the inherent problem s in  perform ing such a study  
is th a t GSH per se is not efficiently transported in to  m ost anim al cells 
(as noted by the authors). The researchers d id  cite two recent studies 
w hich provided evidence th a t exogenous G SH increased the endurance 
to physical exercise in  m ice w hich they used as a  basis to devise th e ir 
protocol. They chose to exogenously a d m in is te r  GSH intraperitoneally  
to the rats and exercise them  to exhaustion. Sen et a l also chose to
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adm inister bu th ion ine sulfoxim lne (BSO) w hich is known to result in  
glutathione deficiency.
The results o f th e ir investigation revealed th a t GSH  
adm inistered 30  nnin before com mencement o f u p h ill treadm ill running 
to exhaustion had no significant effect on endurance. Nor was there 
any detectable effect on the level o f TBARS, used as a lipid  
peroxidation b iom arker, a t rest or a fte r exercise. Interestingly, the 
artific ia lly-induced  G SH deficient rats  (due to adm inistration o f BSO) 
had endurance to  exhaustion reduced by o n e-h alf. O n the basis of th is  
find ing, these investigators suggested a  c ritic a l role o f endogenous 
GSH in  the circum vention o f exercise-induced oxidative stress. This 
m ay have m erit fo r fu rth e r research in to  its  ro le  in  exercise 
performance such th a t if  endogenous G SH levels are depressed, ab ility  
m ay be im paired. They suggested th a t effective approaches in  
increasing tissue G SH  pools are like ly  to be im p ortan t in  controlling  
exercise-induced oxidative stress and perhaps also in  enhancing 
physical perform ance.
C ertainty th is  study has some m erit and  was w ell done w ith  
adequate controls. However, as yet, it  is s till unknow n how this data  
relates to human perform ance as the a rtific ia l conditions created in  
these rats is not necessarily applicable to hum an subjects. The 
im plications suggested here m ay lead others to begin further 
investigations in to  G SH  supplem entation an d  exercise performance. 
2 .1 7  S u p p lem en tation  versu s N on-S up plem entation
Despite the in te res t and activity am ong scientists on the 
relationship o f exercise, free radical generation, lip id  peroxidation, and  
antioxidant supplem entation, it is s till im possible to categorically
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state w hether there is  any benefit derived from  ingestion of an 
antioxidant supplem ent by the active ind ividu al. Although a large 
num ber o f studies th a t have been perform ed, there are s till m any 
unanswered questions. U nfortunately, there is  a conspicuous lack of 
uniform ity in  study design m aking study com parisons d ifficu lt a t best, 
impossible a t w orst. D ue to the differences in  v itam in  dosing and  
regimens, exercise protocols, supplem ents used, methodology and  
varying controls, ou r a b ility  to establish a consistent opinion is 
doomed to failu re.
One o f the d ifficu lties  in  In terpretating  the available data is lack  
o f consistent control groups. There are few studies in  the literature  
th a t actually use a  va lid  control group.
Nevertheless, there is a  trend in  the available literature th a t 
suggests the benefit o f an tio x id an t supplem entation. C ertainly this  
should be enough to continue the search for answers to this question.
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CHAPTER 3  
MATERIALS AND METHODS
3.1  S u b jects
Twelve (12) healthy, physically fit, runners w ithout any 
underlying disease were solicited to partic ip ate in  the proposed study. 
These runners were recruited from  a local running club and ranged in  
age from  m id -20 ’s to early 60’s. Both m ales and females were invited  to 
participate vo lu n tarily . These runners are  a ll dedicated to th e ir sport, 
consistently runn ing  a t least forty (40) m iles per week for the past 
several years, and are a ll experienced m arathoners. None o f them  were 
taking any chronic m edication. Nor w ere they taking any vitam in o r 
antioxidant supplem ents w ithin the la s t th irty  (30) day period p rio r to 
entering the study. They were asked to m ain tain  a training log and  
continue to ru n  a t least 40 miles per w eek throughout the study  
period. Each subject was required to com plete a 24 hour d ietary d ia iy  
ju s t prior to each phase of the study. A ll o f the subjects were fam ilia r 
w ith running on a treadm ill having ru n  on them  on numerous 
occasions prio r to entering into this study.
Prior to the in itia tio n  o f th is research, approval for the use o f 
hum an subjects was obtained from  the LSU Institu tio nal Review  
Board. In  add ition , a ll o f the subjects signed an inform ed consent form  
prior to entering the study. Approval w as also obtained from  the  
U niversity o f Southw estem ’s In s titu tio n a l Review Board. This was 
necessary as m uch o f the testing was perform ed on their cam pus.
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3 .1 .1  A ge and G ender
At the outset o f the study, the subjects consisted o f twelve (12) 
runners: eleven (11) m ales and one (1) fem ale. The ages ranged from  29 
to 62 years old (average age: 45 .3  + 8 .3  years). The lone fem ale was 36 
years old. Table 3 reveals the actual ages o f each subject. Subject 05 (a 
male) was dropped from  the study due to  an overuse in ju ry .
Table 3. Subject num ber and ages













3 .1 .2  M ethodology
P hase One: TB A RS/M D A  levels w ere u tilized  as th e  objective 
param eter o f oxidative stress. M axim al oxygen consum ption was 
determ ined v ia  a  graded exercise test (G XT). Exercise perform ance was 
measured by tim e to com pletion o f a  5 0 0 0  m eter (5K) race. This phase
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was the baseline assessm ent w ith  a ll runners on th e ir norm al dietary  
in take w ith ou t supplem ents o f an y k in d .
Test D av 1: Exercise perform ance determ ination  
Five kilom eter race a t an ’‘a ll-o u t” effo rt. This race was one th a t was 
ru n  on a  local certified  5K distance. Pacing was determ ined by each 
subject m onitoring th e ir sp lit tim es a t m ile intervals. Encouragem ent 
and incentives w ere provided to in su re  maximum effort.
Test D av 2 : D eterm ination o f m a x im u m  oxygen consum ption  
This was perform ed w ith in  7 -10  days o f the 5K race. M axim um  oxygen 
consum ption (V 0 2rrax) was perform ed on a  Q uinton 5000 treadm ill 
using a m odified A strand protocol w ith  the grade increasing 2% every 2 
m inutes w hile m ain tain ing  a  constant speed of seven (7) m iles per 
hour. Before in itia tin g  any testing, th e  Q Plex was allow ed to w arm -up  
fo r a t least th irty  m inutes. Once th is  tim e had elapsed, the Q Plex was 
calibrated using a  standardized protocol for calibration fo r carbon 
dioxide, oxygen, and  volum e. B arom etric pressure, relative hum idity, 
and room tem perature were a ll included in  the calibrations. Once a ll 
values were w ith in  the assigned param eters, assuring accurate  
determ inations, the subject was allow ed to begin the testing  
procedure. The firs t stage was ru n  a t only three (3) m iles per hour. 
However, for a ll subsequent stages, the speed was seven m iles per hour 
and continued u n til com pletion o f the m easurem ents. The subjects 
were allowed a  “w arm -up" period w h ile  on the treadm ill p rio r to 
testing. The a c tu a l m easurem ents w ere not begun u n til the subject 
indicated w illingness to proceed. A ll o f the subjects had previous 
experience ru n n in g  on a  tread m ill such th a t ga in in g  fam iliarity  w ith
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the apparatus was not necessary. Each subject was required to run  
u n til exhaustion / m axim al e ffo rt was attained, i.e ., the point a t which 
the subject could no longer continue in  spite o f encouragem ent. 
M easurem ent o f VO? was perform ed by the Q uinton every 20 seconds 
during  the entire duration o f the tim e on the treadm ill (following the 
“w arm -up” period). The m easurem ents were continued for a t least one 
m inute in to  the “w arm -dow n” period.
C ertain defined crite ria  were used to identify th a t m axim um  
oxygen consum ption was being determ ined. The m easurem ent ofV O w  
satisfied the following objective criteria :
1) The running exercise used a t least 50% o f th e  to ta l muscle 
m ass. The exercise was continuous and rhythmical, and was done for 
a  prolonged period o f tim e.
2) The results were independent o f m otivation or sk ill.
3) A t the highest level o f exercise capacity, oxygen consum ption 
leveled o ff b u t exercise continued a t a  higher in tensity.
4) The m easurem ent w as perform ed under standard experim ental 
conditions, avoiding stressful environm ents th a t w ould expose the 
subject to excessive heat, hum id ity, a ir  pollution, or a ltitu d e.
In  add ition, several objective physiological param eters were 
included in  the determ ination th a t V Q w  had been attained . The two 
physiological measures th a t w ere used in  this study w ere a  respiratory 
exchange ratio  greater than 1 .0  (R = VC0 2 /V 0 2 ) and progressivefy 
dim inishing differences between successive oxygen consum ption 
m easurem ents.
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To insure th a t each protocol was exactly the sam e from one 
subject to the next, as w ell as each testing session to the next, the 
data  and protocol w as programmed into  the com puter. This allowed for 
com puterized control o f the necessary m anipulations o f the treadm ill 
and no m anu al changes o r control during an y o f the testing sessions. 
Additionally, each subject was weighed and m easured prior to each 
session to insure th a t accurate data would be calculated during the 
determ inations o f VO>m .
Test Dav 3 : TBARS /  MDA analysis pre and post-exercise 
A distance o f 5K (3.1 m iles) was ran  a t 85-90%  race pace as 
determ ined by an average o f the last 5 races a t this distance (This 
blood draw was perform ed w ith in  one week o f VÔ nux determ ination.) 
This level of effort was chosen in  order to elim inate any effects th at 
fatigue may have on results yet insure enough exertion to result in  
oxidative stress. The ru n  was performed w ithout having engaged in  any 
ru n n in g  or other aerobic activity  w ith in  the previous tw enty-four (24) 
hours. Samples o f blood for TBARS/M DA analysis (under aseptic 
conditions) were obtained v ia  venipuncture per D r. LeBlanc sifter the 
subjects had been s ittin g  qu ietly for a t least 10 m inutes prior to the 
5K  ran . Standard tubes were used w hich contained EDTA as an 
anticoagulant. (A seated position was chosen as several o f the subjects 
had an aversion to venipuncture in  the standing position and were 
concerned w ith  po ten tial syncope.) Im m ediately following the 
com pletion o f the 5K  distance, blood sam ples were again obtained for 
TBARS analysis in  a  seated position. The 5K distance was ran  on a  
400 m eter track. W hile the ra n  was being perform ed on the track, an
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observer (D r. LeBlanc) as w ell as the ru n n er m onitored the tim e by the  
use o f a  runner's w atch such th a t correct pacing was assured. Tim e 
intervals (splits) were m onitored for each lap  on the track (400 m eters) 
and made know n to th e  subject. Splits were calculated prior to the ru n  
such th a t each subject was aware o f the necessary tim e required to 
ru n  each 400 m eters. I f  deemed necessary by the observer, a practice 
ru n  was done to enable the runner to become accustom ed to the 
appropriate pace.
R ating o f perceived exertion (RPE) was obtained a t 5 m inute 
intervals during the ru n  and upon com pletion o f the 5K  run.
Im m ediately follow ing the blood draw , the sam ple was placed 
in to  an ice chest and surrounded by ice. Upon com pletion of the ru n , 
the second sam ple w as placed In  the ice as w ell. W ith in  10-15 m inu te s  
o f obtaining the la s t sam ple, the blood was centrifuged a t 3300  
revolutions per m in u te  for twelve (12) m inutes. The plasma was then  
removed from  the sam ple and placed in to  appropriate test tube 
containers and placed in to  a  freezer a t m in u s  30 degrees Centigrade. 
The samples rem ained here u n til ready for TB A R S/M D A  analysis 
(w ith in  2 -3  weeks).
TBARS /  M DA w as determ ined by u tiliza tio n  o f a  lip id  
peroxidation assay k it using colorim etric assay. This k it was obtained 
from  Calbiochem -Novabiochem  Corporation in  San Diego, C aliforn ia. 
This assay actu ally  m easured m alondialdehyde (M DA). The classical 
determ ination o f M DA  by the th iobarb itu ric  acid  m ethod is affected by 
many in terfering agents. This p articu lar assay was used because it  is 
specific for M D A  and w as fe lt to allow  greater sensitivity and  
reproducibility. The sam ples were appropriately m ixed w ith  the
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reagents as instructed  w ith the assay k it. A  spectrophotom eter was 
then used to m easure the absorbance a t the 586-n m  wavelength. 
C alculation o f concentration w ith in  each sam ple was then calculated  
using the equation provided by the m anufacturer to determ ine the 
q u an tity  o f M DA. Every phase of the M DA determ inations were done in  
trip lica te .
P hase Two: In  a  blinded fashion, the subjects were random ly 
divided in to  two groups. This supplem entation/placebo phase was 
perform ed in  a  double-blinded m anner. O ne group received 25 ,000  IU  
per day beta-carotene (15 mg), w hile the o th er group received an 
identically  appearing placebo for one m onth. It  has previously been 
dem onstrated th a t com plete serum  accum ulation o f beta-carotene 
takes 9 -10  days [ 141]. Therefore, a  one m onth phase of ingestion 
w ould insure adequate and complete serum  accum ulation. The 
subjects were instructed  to avoid any ad d itio n al antioxidant 
supplem entation, m ost notably vitam ins E , C, and beta-carotene. A t 
the end o f th is one m onth phase, 5K  race perform ance, V O ^ , beta- 
carotene and M DA production were determ ined as before. Com pliance 
for ingestion o f the beta-carotene/placebo was determ ined by counting  
the rem aining num ber o f pills, if  any. Each subject was given a to ta l o f 
42 p ills  in  the m edication bottle in  both phase two and phase three. A t 
the end o f th is  phase, as w ell as phase three, com pliance was 100% as 
docum ented by th is  counting m ethod.
D r. Nelson (m y m ajor professor) w as in  charge of random ization  
o f the sam ple bottles and their contents. A  registered pharm acist, Fred  
M ills , J r., executive director o f the La. S tate Board o f Pharm acy, was
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in  charge o f form ulating the p ills  to be used during the study (both  
placebo and beta-carotene). P rior to com pletion o f the data collection, 
only D r. Nelson had knowledge o f the actual contents o f each bottle.
The beta-carotene used in  th is  investigation was m anulactured  
by Hofim an-LaRoche Pharm aceuticals based in  Nutley, New Jersey.
P hase Three: This phase o f the study represented the cross-over 
phase. The subjects rem ained random ly divided Into the two previously 
assigned groups. The subjects a ll underw ent a  two-m onth “w ashout” 
phase to insure th a t beta-carotene levels had returned to norm al. The 
two groups then ingested the other type o f tablet (beta-carotene or 
placebo) w hich each subject had not had in  the previous phase. One 
group ingested 25 ,000  IU  (15 mg) beta-carotene daily, w hile the other 
group ingested an identically appearing placebo as before. This  
rem ained a double-blinded ingestion. A t the end of a  th irty  day period, 
5K  race perform ance, VO ^ . and M DA production was determ ined as 
before. Once this phase was concluded, data collection was concluded.
Once the data from  the three phases had been obtained, they 
were tabulated and com pared to assess the effects o f beta-carotene 
supplem entation on: (1) exercise perform ance. (2) m axim al oxygen 
consum ption, and (3) oxidative stress. Additionally, assessm ent 
included determ ination if  endurance exercise resulted in  the form ation  
o f free radicals and oxidative stress in  w ell-trained runners.
A  repeated m easures ANOVA was utilized to determ ine statis tica l 
significance for M DA and RPE results. S tatistical analysis o f 5K  race 
tim es and VO w  u tilized  a  2 -ta ile d  paired t-test for com parison. A ll 
analyses were perform ed w ith  an  alpha o f p < .05.
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CHAPTER 4  
RESULTS
One m ale Individual (subject 5) was dismissed from  the subject 
population due to a running in ju ry  sustained during the course of the 
study. The data from  this athlete were not used in  any calculation of 
results. This reduced the original subject size to eleven (11) subjects 
who com pleted the entire protocol.
Upon com pletion o f the data collection, the “key" listing  the 
actual contents o f bottles A and B were m ade known to th is  researcher 
(bottle A  w as firs t ingested, bottle B was second ingested) as listed in  
Table 4. Th is key indicates w hich data belong to each condition.
Table 4. C ontents o f Test Bottles Listed w ith  Respective Subjects
Bottle Num ber Contents B ottle Num ber Contents
1A 6-Carotene IB Placebo
2A Placebo 2B 6-C arotene
3A 6-Carotene 3B Placebo
4A Placebo 4B 6-C arotene
6A Placebo 6B 6-C arotene
7A Placebo 7B 6-C arotene
8A Placebo 8B 6-C arotene
9A 6-Carotene 9B Placebo
10A 6-Carotene 10B Placebo
11A Placebo 11B 6-C arotene
12A 6-Carotene 12B Placebo
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As previously described, there are three conditions w ith in  the 
design o f th is study. These are baseline, placebo, and 6-C arotene 
conditions. This w ill be ind icated as such throughout th is  
dissertation.
This study exam ined both baseline and placebo m easures 
throughout each phase o f the investigation. This was done to be 
reasonably assured th a t there were no carry-over effect o f 6-carotene 
from  one phase to the n ext. In  th is  m anner, it  could be validated th a t 
the beta-carotene was “w ashed-out” when com paring the baseline and 
placebo values. S ta tis tic a l analysis of the data collected for the 
baseline and placebo phases indicated th a t there was no significant 
difference between the baseline and placebo values throughout the 
data collection. This was fu rth er validated by analysis o f order effects 
(i.e ., pre vs B ottle A  vs B ottle  B) for a ll factors w hich found that no 
significant order effects w ere discovered. Consequently, the analysis of 
results com pared placebo vs 6-carotene.
Food d iary re su lts . A ll o f the subjects w ere required to 
m aintain a  24 -h o u r food d iary  prio r to each phase o f the study. This 
was done to provide an estim ation o f the daily  d ie tary  in take of beta- 
carotene m easured in  in te rn a tio n a l un its (IU ). M oreover, th is would 
provide assurance th a t there was no significant d ietary  changes in  
beta-carotene ingestion d u rin g  each phase o f the data  collection. 
D uring the placebo phase, the m ean intake o f beta-carotene  
approxim ated 1175 ±  6 7 6  IU / day, w hile the m ean during the beta- 
carotene phase was 903 + 1006 IU /d a y  excluding the  25000  IU /d a y  
supplem ent. It  is read ily apparent th at there was a  w ide range of 
intake during the d ifferen t phases o f the study (from  d iet alone).
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The ranges during the placebo phase and the 6-carotene phases w ere 
77-1844 IU /d a y  and 71-3121 IU /d ay , respectively. The range for the  
beta-carotene phase does not include the supplem ent. The results o f 
these diaries are listed  in  Tables 5 and 6 . Table 6 also includes the  
to ta l dietary in take o f 6-carotene, including th e  25000 IU /day  
supplem ent, during the 6-carotene phase o f th e  study.
Table 5. Ranges o f B eta-C arotene In take flU /d a v ) - D iet only
B aseline Placebo 6-carotene
M ean 696 ± 6 0 2 1175 + 676 903 + 1006
Ranges 108-1941 77-1844 71-3121
Table 6 . B eta-Carotene D aily  Intake flU /d a v ) *
Sublect No. Baseline Placebo 6-carotene
1 452 1826 307(25307)
2 293 1877 1082 (26082)
3 522 1501 587(25587)
4 330 329 121 (25121)
6 462 664 444 (25444)
7 956 1844 3121 (28121)
8 1707 1633 2531 (27531)
9 250 499 209 (25209)
10 1941 1026 71 (25071)
11 645 77 772 (25772)
12 108 1655 693 (25693)
* The num ber in  parentheses in  the beta-carotene phase represents 
to ta l daily in take (i.e ., d iet plus 25000 IU /d a y  supplem ent).
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S tatistical analysis o f the daily d ietary  beta-carotene in take  
(excluding beta-carotene supplem entation) verified that the d iet was 
consistent during each phase of the study. In  essence, the 6-carotene 
w ith in  the d iet d id  not change and therefore d id  not have any im pact 
on the results obtained in  the various phases o f the data collection.
M alondialdehyde (MDA) con cen tra tio n  m easures. Table 7 
lists the results o f the M DA m easurem ent for each subject after 
ingestion o f placebo and following ingestion o f beta-carotene. Each o f 
these m easurem ents were obtained from  blood samples draw n before 
and after run n in g  a  5K  distance a t 85-90%  effort. As indicated in  the 
table below, pre-exercise values are listed  firs t, w hile post-exercise 
values are listed second.
Table 7. M alondialdehyde (MDA) Results (z/M)
(Pre-exercise values are listed firs t, followed bv Post-exercise values)
Subject No. Baseline Placebo 6-C arotene
1 5 .9 8 /9 .9 3 4 .1 4 /4 .8 6 1 .6 1 /1 .8 9
2 3 .7 0 /5 .9 0 1 .6 1 /6 .0 3 4 .4 5 /4 .0 5
3 9 .6 0 /7 .5 4 2 .9 2 /3 .3 4 2 .6 9 /2 .0 0
4 4 .0 5 /4 .4 8 1 .4 5 /3 .4 1 2 .5 5 /2 .0 5
6 3 .1 0 /2 .4 3 2 .5 9 /1 .8 0 2 .1 9 /2 .5 4
7 2 .7 5 /2 .9 2 2 .6 4 /0 .5 2 1 .8 7 /2 .5 4
8 1 .5 6 /3 .8 7 3 .8 8 /4 .1 9 1 .1 9 /2 .3 8
9 4 .8 4 /5 .4 6 3 .6 5 /5 .9 8 1 .89 /5 .12
10 8 .3 3 /6 .3 9 2 .6 4 /5 .5 3 5 .5 0 /3 .3 1
11 4 .4 0 /5 .4 1 2 .9 2 /1 .0 9 5 .3 5 /5 .5 1
12 4 .7 1 /4 .8 7 6 .4 6 /6 .1 8 6 .8 9 /1 0 .3 1
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Once the above values were obtained, statistical analyses, 
including a repeated measures analysis o f variance (ANOVA) were 
performed. Table 8  lists the descriptive statistics for the M DA pre-run  
and post-run scores.
The repeated measures ANOVA for M DA was performed and is 
listed in  Table 9 . There was no significance difference when com paring 
the pre to post ru n  values for M DA collapsed across experim ental 
conditions. In  addition, the repeated m easures w ith in the treatm ent 
group failed to  achieve significance. This indicates there is no 
significant difference between placebo and 6-carotene for the M DA  
m easures. In  effect, this finding suggests th a t the use o f beta-carotene 
did not a lte r the production o f M D A , hence, free radical form ation.
Table 8. M alondialdehyde descriptive statistics
Experim ent M ean Std. D eviation N
MDA B aseline 4.82 2 .38 11
Pre-run Placebo 3 .17 1.38 11
Scores Beta-Carotene 3.25 1.90 11
MDA Baseline 5 .38 2.12 11
Post-run Placebo 3 .90  2.05 11
Scores B eta-C arotene 3.59 2.58 11
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Table 9 . Repeated M easures ANOVA for M DA resu lts
fSS = S u m  o f  S q u a res, d f  = d eg rees  o f  freedom , slff = sign ifican ce)
fF = F -te s t  score)




W ithin  error 32.61 10
Pre vs post 4.17 3.25 1 0.10
W ithin error 12.82 10
F ive th ou san d  m eter (5K) race tim e m easu res. Table 10 
provides a lis tin g  o f the 5K  race tim es th a t were achieved by the  
subjects. The tim es are listed  as m inutes:seconds.
In  order to facilita te  the analysis o f the num bers, the seconds in  
the above tim es were converted to hundredths o f a  m inute. This was 
used in  the calculation o f the results. Subsequently, a  2 -ta iled  t-test 
was perform ed for the 5K  race tim es. Table 11 lists  th e  descriptive 
statistics, w hile Table 12 lis ts  the t-tes t results.
As m ay be noted from  the tables, statis tica lly  sign ificant results 
were obtained from  the analysis o f the 5K race tim es. The m ean values 
for placebo and 6-carotene were 19.91 + 2 .4 7  and 19.36 + 2 .3 0  
respectively, in  m in u te s  w ith  seconds converted to hundredths. The 
tw o-tailed test revealed a  P value o f 0 .0038. This resu lt is indicative of 
a  significant im provem ent o f 5K  race tim es w ith  beta-carotene  
supplem entation, i.e ., the runners ran  fester tim es du rin g  the beta- 
carotene phase.
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Table 10. Five Thousand Meter Race Results (min:sec)
Subject No. Baseline Placebo B-carotene
1 21:18 20:55 21:02
2 20:14 20:30 20:02
3 17:22 17:48 17:09
4 17:15 17:20 17:17
6 19:05 18:43 18:21
7 18:46 18:49 18:32
8 16:30 16:59 16:24
9 25:20 25:14 24:24
10 18:27 19:40 18:30
11 22:03 22:51 21:17
12 18:30 20:12 19:58
Table 11. 5K Descriptive S tatistics (seconds converted to lOOths) 
N M ean S td . D eviation
B a se lin e  11 19.53 2 .56
Placebo 11 19.91 2 .47
6 -Carotene 11 19.36 2 .30
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Table 12. 5K S>.-tailed t-test results
(DifF. = difference, d f = degrees o f freedom , prob. = probability)
M ean S td. D eviation M ean D lff. E rror o f D iff.




2 -ta ll proh.______ 0 .0038____________________________________________
M aximum oxygen  consum ption  fVO»— 1 m easures. Table 13 
supplies the data fo r the results o f the V O ^  testing for the placebo 
and beta-carotene phases o f the study. The V 0 2raax was measured in  
m l/k g /m in . Table 14 provides the descriptive statistics for the 
m easurem ent o f V 0 2nHX for each subject. The m ean values for the 
placebo and 6-carotene phases were 59 .96  and 6 1 .4 6  respectively. 
These statistics are followed by Table 15 w hich presents the results o f 
a  2-tailed  t-test analysis. The results o f the 2 -ta ile d  t-tes t failed to 
produce any s ta tis tica lly  significant im provem ent o f the V O w . 
Consequently, it  m ay be surm ised th a t the supplem entation o f beta- 
carotene had no effect on m axim um  oxygen consum ption of any o f the  
subjects as com pared to placebo. The V 0 2nux rem ained unaffected by 
the use o f beta-carotene.
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Table 13. Maximum Oxygen Consumption Results (ml/kg/min)
Subject No. Baseline Placebo 6-carotene
1 59.8 63 .5 5 9 .9
2 49.4 5 6 .8 5 7 .5
3 63.9 63 .2 66 .2
4 67.9 6 7 .7 6 9 .6
6 57.8 54 .8 6 6 .8
7 75.5 79 .4 71.2
8 66.2 6 8 .3 6 9 .2
9 46.5 38 .9 47 .2
10 55.3 6 4 .0 5 7 .8
11 52.7 54 .0 53 .2
12 60.3 49 .0 5 7 .5
Table 14-- M axim um  Oxygen Consum ption Descriptive S tatistics
N Mean S td. Deviation Std. E rror
Baseline 11 59.57 8 .5 4 2 .5 7
Placebo 11 59.96 10.87 3 .2 8
6-Carotene 11 61.46 7.69 2 .3 2
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Table 15. 2 -tailed  t-te s t fnr v n 9 . m ax
(D iff. = difference, d f = degrees o f freedom , prob. = probability)
Mean S td. D eviation Mean Dtff. E rror o f D iff.
PTareho 59.96 10.87 -1.5 1.89
6 -carotene 61.46 7 .69
t-value -0 .7 9
d f 10
2 -tail prob._______ 0 .4 5 ____________________________________________________
R ating o f P erceived  E xertion  (RFE) m easu res. Table 16 lists  
the data collected on the RPE o f the subjects during th e  5K run  a t 8 5 - 
90%  effort. Each RPE was taken  every five (5) m inutes during the ru n  
w ith  the fin a l RPE taken im m ediately upon com pletion o f the run . 
Table 17 lists the descriptive statistics for each RPE a t the various five 
m inute tim e Intervals. A ll o f th e  subjects obtained an  RPE value for 20  
m in u te s  a n d /o r the end o f the ru n . However, not a ll o f them  obtained 
a  25 m inute RPE. For ease o f calcu lation , the analyses were lim ited to  
the intervals a t 5, 10, 15, and 2 0  m inute RPEs.
It  m ay be gleaned from  Table 18 th a t there was no significant 
difference between the placebo and beta- carotene phases o f the study. 
The com parison of these two phases failed  to dem onstrate any 
beneficial effect of the use o f beta-carotene on RPE values. Not 
surprisingly, a  statistica lly  sign ificant difference was found between 
the RPE values com paring the values obtained in  the pre and post 
phases. Therefore, th e  use o f beta-carotene failed  to be o f benefit when 
considering RPE values in  th is  study.
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Table 16- BK Run RPE @ 85-90% effort (5 minute intervals/end!
Subject No. 




1 3 / 1 5 / 1 7 / 1 8 / 1 8  1 2 / 1 3 / 1 3 / 1 4 / 1 4
9 / 1 1 / 1 4 / 1 4 / 1 5  1 1 / 1 3 /1 3 / 1 4 / 1 4
1 2 / 1 4 / 1 7 / 1 7 / 1 7  9 / 1 0 / 1 1 / 1 2 / 1 2
1 2 /1 3 /1 4 /1 6
1 4 /1 4 /1 5 /1 5
1 2 /1 3 /1 3 /1 4
Subject No. 
B a se lin e  
Placebo 
6-carotene
1 1 / 1 3 / 1 5 / 1 5
1 1 / 1 4 / 1 5 / 1 5
10/ 11/ 12/12
1 3 / 1 3 /1 4 / 1 4
1 3 / 1 3 / 1 4 / 1 4
1 1 / 1 1 /1 2 / 1 3
1 3 /1 3 /1 3 /1 5
9 /1 1 / 1 3 / 1 3
9 / 9 / 1 1 / 1 1
Subject No. 




1 2 / 1 3 / 1 3 / 1 3
1 4 / 1 4 / 1 6 / 1 6
1 2 / 1 3 / 1 3 / 1 4
9 10
1 2 / 1 3 / 1 4 / 1 5 / 1 7  1 2 / 1 3 /1 3 /1 5 /1 5
1 1 / 1 3 /1 3 / 1 3 / 1 3  1 1 /1 1 /1 1 /1 3 /1 3
1 2 / 1 2 /1 2 / 1 2 / 1 2  1 2 /1 3 /1 3 /1 5 /1 5
Subject No. 




9 / 1 1 / 1 1 / 1 1 / 1 2
8 / 1 0 / 1 1 / 1 3 / 1 3
7 / 9 / 1 1 / 1 3 / 1 4
12
1 3 / 1 3 / 1 5 / 1 5 / 1 7
1 3 / 1 5 / 1 7 / 1 8 / 1 8
1 2 / 1 4 / 1 6 / 1 7 / 1 8
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Table 17. RPE Descriptive Statistics f5 minute intervals)
N
RPE 5K  5  m in u tes
B a se lin e  11
Placebo 11
8-C arotene 11
RPE 5K  10 m in u tes
B a se lin e  11
Placebo 11
8-C arotene 11
RPE 5K 15 m in u tes
B a se lin e  11
Placebo 11
8-C arotene 11
RPE 5K 2 0  m in u tes
B a se lin e  11
Placebo 11
8-C arotene 11
Mean S td. Deviation
1 2 .00  1 .18
1 1 .2 7  2 .0 5
1 0 .73  1 .74
1 3 .0 0  0 .8 9
1 2 .6 4  1.63
1 1 .73  1.85
13 .73  1 .49
13.82  1 .89
12.82  1.99
1 4 .55  1.75
14 .36  1 .57
1 3 .64  2 .0 1
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Table 18. Repeated M easures ANOVA for RPE results
fSS -  Sum  o f Squares, d f = degrees o f freedom , sig = significance!
(F = F-test score)
SS F d f
1
slg
0.16Treatm ent 13.92 2.36
W ithin error 58 .95 10
Pre vs post 114.58 30.12




In  addition, i t  should be noted th a t upon com pletion o f the data  
collection, each subject was asked the follow ing question: “Depending  
on the way you fe lt during your running, tra in ing , racing, and  
recovery, w hich bo ttle  (A or B) contained 6-carotene?" The results were 
as follows: o f the eleven (11) subjects who com pleted the study, seven 
(7) correctly nam ed the proper bottle, three (3) incorrectly identified  
the proper bottle, w h ile  one subject stated th a t no differences were 
noted w ith e ither o f the two bottles. This indicates th a t 64%  o f the  
subjects could detect a  beneficial effect w hile on the beta-carotene 
allowing them  to correctly identify th is pro-vitam in. On the o ther 
hand, 27% noted a  beneficial effect on the placebo, and only one 
subject noted no beneficial effect w ith  e ith er bottle. This allow s a  
strong suggestion th a t there was im provem ent w ith  the use o f beta- 
carotene, albeit a  subjective one.
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In  summary, th e  results o f th is  investigation dem onstrate th a t 
beta-carotene supplem entation benefited on ly one phase o f th is study,
i.e ., 5K race tim es. The only statis tica lly  s ign ifican t finding was in  the  
5K  race results as com pared to placebo. No significant difference was 
found w ith  the use o f beta-carotene in  e ith e r decreasing oxidative 
stress (MDA) or im proving maximum oxygen consum ption. Likewise, 
there was no su b stan tia l change in  RPE values w ith  the ingestion o f 
beta-carotene. A ll o f these results were found w ith  a  consistent daily  
dietary in take o f beta-carotene (excluding supplem entation).
122
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5  
DISCUSSION
In  the la s t tw o decades, there has been considerable research in  
the area o f free rad icals and th e ir reactiv ity . The oxidative effects 
imposed on c e llu la r and subcelhilar structures have been w ell 
described. A lthough some free-radical induced effects m ay be deemed 
beneficial to the aerobic organism , m any o f them  have been found to  
be harm ful w ith  subsequent undesirable reactions.
In  an effo rt to  com bat these deleterious consequences, various  
biological system s have evolved to protect oxygen requiring species (in  
particu lar, the hum an organism ) from  free rad ical damage. These 
antioxidant defenses in  biological system s are represented by 
enzym atic and  non-enzym atic m echanism s. A t tim es, these defenses 
m ay prove adequate in  subverting rad ical-induced mayhem. However, 
due to the increased oxygen consum ption w hich occurs in  an  
exercising person, these antioxidant defenses m ay be inadequate [96, 
108, 116, 118, 119, 120, 1211. Consequently, there has been 
considerable scientific research in  free rad ical and antioxidant biology.
M uch o f th is  investigation has focused on the antioxidants  
v itam in E , v ita m in  C , and beta-carotene. In  fact, there has been rath er 
intense research in  studying the an tio x id an t effects o f v itam in  E  and  
vitam in C alone, o r In  com bination [31, 94 , 127, 128, 130, 131, 134, 
135, 136, 1371. However, the investigation o f the antioxidant effects of 
beta-carotene has been scanty. In  ac tu a lity , there exist only a  few  
studies in  the lite ra tu re  th a t have evaluated the effects o f 6-carotene
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during physical activity. U nfortunately, a ll o f the aforem entioned  
studies were perform ed in  com bination w ith  vitam in  C and E , m aking 
the ind iv idu al effect o f beta-carotene im possible to determ ine [7, 8, 9. 
10]. Therefore, in  spite o f various studies in  th is area, no research is 
available to fe rre t out the an tioxidant effects o f beta-carotene during  
exercise. Th is void was recognized, serving as a nidus for th is  
investigation. Therefore, an attem pt has been made to shed some light 
in  th is  area o f antioxidant research, i.e ., the effects o f beta-carotene 
(alone) during  exercise.
Encouraged by a pilo t study o f three runners (described in  
chapter 1), w hich suggested a beneficial effect by the supplem entation  
o f beta-carotene, a more intense investigation was devised. The m ain 
purpose o f th is  study was to evaluate the effects o f beta-carotene on 
three param eters. These param eters included evaluation o f exercise 
perform ance, exercise-induced oxidative stress and m axim um  oxygen 
consum ption.
Accordingly, three hypotheses w ere tested and are as follows:
1. D u ring  the running o f a  5K  distance, even w ell-tra in ed  
runners w ill see an increase in  biom arkers of oxidative stress. This w ill 
be identified by increases in  serum  M D A  concentrations.
2 . O xidative stress is produced during a 5K  ra c e /ru n . This 
stress m ay be reduced by beta-carotene. As a  result of 
supplem entation, exercise perform ance w ill be en h a n ced , as measured 
by im proved 5K  race tim es, com pared to the norm al d a ily  d ietary  
intake o f 8 -carotene in  w ell-trained  runners.
3 . Beta-carotene supplem entation w ill improve m axim um  oxygen 
consum ption as a  consequence o f a  reduction in  oxidative damage.
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5 .1  H ypothesis 1: O xidative S tress
It  is a  w ell know n phenom ena th a t exercising persons m ust 
increase oxygen consum ption to coincide w ith  increased oxygen 
dem and. A dditionally, it  has been previously noted th a t 4-5%  of 
consumed oxygen is transform ed in to  free radicals [35]. Therefore, it  
w ould appear th a t a  w ell-trained  runner w ould generate more free 
radicals during exercise com pared to an inactive state. Conversely, it  
m ay be stated th a t due to adaptive responses, the an tioxid an t defense 
m ech a n ism s w ould be m ore keenly developed to resist th is  increase in  
generation o f free rad icals. As such, this w ould resu lt in  little  or no 
increase in  biom arkers o f oxidative stress (i.e ., M DA concentrations).
The use o f M DA as the biom arker o f choice was an im portant 
consideration for the m easurem ent of free rad ical form ation. MDA 
concentrations have been found to be a  very sensitive assay in  the 
detection of peroxidation [106]. Moreover, th is  assay is frequently cited  
in  the literature and, accordingly, would provide th is  curren t research 
w ith  comparable values from  previous studies [9, 94 , 110, 113, 131, 
134, 136, 139]. S im ply stated, the determ ination o f M DA  
concentration changes has become a standard in  exercise literatu re  
and allows com parison o f the results obtained in  th is  study to 
previous w ork done in  th is  field . Hence, the use o f M D A  in  the testing  
o f the first hypothesis.
Hypothesis 1 states th a t there w ould be an  iden tifiab le  increase 
in  oxidative stress, hence, an  increase in  M DA levels. In  effect, this  
hypothesis asserts th a t the norm al an tiaxidan t defenses are 
inadequate in  preventing increased oxidative stress du rin g  exercise.
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However, th is  increase could be thw arted by the use o f an antioxidant 
such as beta-carotene in  supplem ental fashion (25000 IU /d a y ).
In  th is  investigation , a  distance o f 5 0 0 0  m eters was chosen as 
representative o f a  long distance w hich could be easily run by these 
runners (a ll o f w hom  w ere consistently ru n n in g  fo rty  m iles per week 
for quite some tim e p rio r to and during the d a ta  collection). This 5K  
distance (designated as 5K  ru n  in  d is tinction  to a  5K  race) w ould be a  
sufficient physical challenge a t 85-90%  effo rt to induce oxidative 
stress w hile avoiding an  exhaustive state. It  was fe lt th a t th is  would 
avoid any term in al stresses associated w ith  an  a ll-o u t effort w ith  
potentially confounding attribu tes.
The results o f the M DA blood sam ples during  the placebo and  
beta-carotene phases o f the study m ay be seen in  Table 7 w hile the 
M DA descriptive statis tics  are shown in  Table 8 . In  accordance w ith  
the first hypothesis, th e  anticipated resu lts were: 1) an  increase in  
M DA following the 5K  ru n  when com pared to  p re-ru n  values, 
indicative o f the presence o f oxidative stress; 2) decreased M DA w ith  
the supplem entation o f beta-carotene in  p re -ru n  scores; and, 3) a  
decreased elevation o f post-run  MDA scores w ith  beta-carotene 
supplem entation.
The actu al pre to post com parison o f M D A  results did  reveal an  
increase in  m ean placebo values (3 .17  to 3 .9 0  /*M ), and an increase in  
m ean beta-carotene phase values (3 .25  to 3 .5 9  /«M ). These values are 
consistent w ith  values (range = 2 .5  to 5 .5  /jM )  found in  the lite ra tu re  
[9 , 10, 139]. The oxidative stress posed by th e  5K  ru n  would be 
reflected in  the increased production o f free radicals and subsequent 
rise in  MDA concentrations regardless o f th e  phase o f the study.
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Subsequently, these MDA results w ere analyzed using a  repeated 
m easures ANOVA and are displayed in  Table 9 . There is no statis tica lly  
significant difference between placebo and beta-carotene for M DA  
m easures. However, it m ay be noted th a t there is a  trend (P = 0 .10} 
toward an  increase in  oxidative stress w hen com paring the pre-ru n  vs 
post-run values fo r both treatm ents.
Therefore, it  m ay be stated th a t the m easurem ent o f M DA failed  
to dem onstrate any significant difference between the placebo versus 
beta-carotene phases o f the study. This im plies th a t the 
supplem entation o f beta-carotene exerted no beneficial effect on 
oxidative stress in  these runners. In  essence, the results dem onstrate 
th at the beta-carotene did not significantly exert any effect on the  
form ation o f free rad icals which m ay be generated during a  5K  ru n .
A lthough these data did not reveal a  significant effect w ith  the  
use o f beta-carotene, there are other considerations that m ust be 
entertained. For exam ple, it is possible th a t M DA is a poor m easure o f 
free-radical form ation, even though M D A  is a  w ell-know n, frequently  
described, and com m only used biom arker o f oxidation used to detect 
free rad ical form ation. Regardless o f its  frequent citation in  the  
literatu re , it  is  no t w ithout its  criticism s and weaknesses as a  m easure 
o f oxidative stress and the form ation o f free radicals [9, 33, 105]. For 
example, the m easurem ent o f MDA is a nonspecific assay. In  add ition, 
a  variable am ount o f the M DA produced in  th e  th iobarb iturlc acid test 
is  formed during th e  acid-heating phase o f the assay [9, 105]. 
Nevertheless, in  th is  present research, th is  w as the only feasible 
m ethod w hich could be employed. It  was n o t possible in  th is
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investigation to u tilize  any other form  o f free rad ical/o xidative stress 
m easurem ent. This w as the consequence o f m any factors, such as 
technical expertise, equipm ent ava ilab ility , ease of use. cost factors 
and funding sources. A n alternative approach would have been to 
determ ine the presence and quantity o f a  second biom arker o f 
oxidative stress (e.g ., pentane levels) to verify the results obtained by 
the MDA values. U nfortunately, th is was not possible for th is  
investigation because o f the factors noted above.
Further, it  is  possible th a t the beta-carotene m ay have some 
local im pact, p a rticu la rly  a t the tissue level a t the lowest oxygen 
pressures [4, 5]. In  th is  investigation, m easurem ents were confined to 
whole blood w hich does not represent tissue samples. Beta-carotene 
could have some local effect w hich m ay a lte r the production o f free 
radicals a n d /o r the efflux of them  w ith in  the tissues. The alteratio n  
and detection o f e ith er the production o f free radicals or th e ir efflux  
from  the tissues is an im portant consideration as to th is  vitam in 's  
effectiveness and its  consequence. C ertain ly , the m easurem ent o f these 
two processes, i.e ., production vs efflux, w ould be quite d ifficu lt. As 
such, the use o f w hole blood m ethodology is not representative o f 
tissue samples and m ay be a poor reflection o f beta-carotene effects. A t 
present, there is no easy remedy to th is  question in  the exercising 
athlete. There is no available non-invasive m ethod w hich could be 
utilized  to m onitor tissue levels (e ith er free rad ical production or 
efflux) during physical activities. The use o f currently available  
techniques such as arteriovenous catheters, certainly could no t be 
used in  a  blinded fashion nor could th ey be used w ithout having a  
m ajor influence on the physical activ ity .
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5 .2  H yp oth esis 2: E xercise Perform an ce
It  has been shown in  previous investigations th a t physical 
activ ity  does produce oxidative stress (9, 47 , 92, 93, 94 ]. This finding  
was m arginally supported by an increase in  MDA levels follow ing a  5K 
ru n  in  th is  study. In  accordance w ith  th is  finding, the second 
hypothesis states th a t th is stress m ay be reduced by th e  antioxidant 
vitam in  6-carotene. As a  consequence o f supplem entation, exercise 
perform ance w ould be enhanced, as m easured by im proved 5K  race 
tim es (in  distinction to 5K  run  tim es). This supplem entation w ould aid  
the subjects as compared to the norm al daily d ietary in take  o f beta- 
carotene in  these w ell-trained runn ers. It  is notew orthy to state that 
the literatu re  has previously established th at runners often have 
decreased levels o f beta-carotene [11]. In  addition, th is  finding was 
also supported by my pilot study (as docum ented in  chapter one).
Table 10 lists the times for the 5K  race performed by each o f the  
participants in  the study w hile Table 11 displays the 5K  descriptive 
statistics in  m inutes (w ith seconds converted to hundredths). The race 
tim es during the placebo phase w ere 19.91 + 2 .47 , w hile the race times 
during the beta-carotene phase w ere 19.30 + 2 .30  m inutes. This is the 
expected finding anticipated by th e  second hypothesis. W hen the  
results were placed under the scru tin y  o f statistical evaluation v ia  a 
2 -ta iled  t-tes t, th is  decrease in  5K  race tim es was found to be 
significant w ith  P = 0 .0038 (Table 12). Consequently, these results  
support the second hypothesis w hich stated th a t exercise perform ance 
w ould be enhanced w ith beta-carotene supplem entation.
In  spite o f these positive resu lts , the m echanism  by w hich this is 
accom plished is not clear. The M D A  analysis previously discussed
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fa iled  to dem onstrate a  sign ifican t difference w ith  th e  use o f beta- 
carotene in  an attem pt to  decrease oxidative stress and free radical 
form ation. It  was proposed by the second hypothesis th a t 5K  race 
tim es w ould improve as a  resu lt o f decreased oxidative stress by th is  
vitam in . Therefore, although the race tim es did  im prove, th is  m ay not 
have been a consequence o f a  reduction in  free radical-induced  
oxidative stress. It  is possible th a t the beta-carotene m ay exert a  
positive influence other th an  its  expected role as an  an tioxid an t w hich  
has no t yet been determ ined. Nevertheless, th is  d ata  suggests th at 
beta-carotene supplem entation does exert a  beneficial effect on 
exercise perform ance as dem onstrated by a  significant Im provem ent In  
5K  race tim es. The exact m echanism  responsible for th is  im provem ent, 
however, is unknow n.
5 .3  H yp oth esis 3: M axim um  O xygen C onsum ption
The th ird  hypothesis stated th a t supplem entation w ith  
6-carotene would reduce ce llu la r and subcellu lar oxidative damage. 
Consequently, beta-carotene supplem entation w ould im prove 
m axim u m  oxygen consum ption (V 0 2max)- This theory was supported by 
previous data docum enting the an tio x id an t effects o f 6-carotene, 
p articu larly  a t the tissue level [3 , 4 , 51.
Table 13 supplies the results o f the VOjmax testing du rin g  the 
placebo and beta-carotene phases o f the study w hile Table 14 displays 
the descriptive statistics. W hen inspecting Table 14, it  m ay be noted 
th a t VOimax did rise in  the beta-carotene phase as com pared to the 
placebo portions o f the study. The VQ w  during the placebo phase 
was 59 .96  + 10.87 m l/k g /m in . As indicated, the use o f beta-carotene
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succeeded in  raising the value to 61.46 ±  7 .6 9  m l/k g /m in . This was 
the finding suggested by the th ird  hypothesis. This im provem ent could 
be brought about by a reduction in  cellu lar and  subcellu lar oxidative 
dam age. A decrease in  th is  damage would im prove ce llu lar respiration  
w hich would translate in to  improved oxygen consum ption. However, 
the significance o f th is  resu lt was not borne o u t w ith  statistical 
analysis. Table 15 provides the 2 -tailed  t-te s t fo r V 0 2inax. It  may be seen 
by th is  analysis th a t no statis tica l significance w as found w ith the use 
o f beta-carotene as com pared to placebo.
Several factors m ust be considered in  reference to this data 
analysis however. The m ost prom inent in  th is  regard is the fact that 
the m easurem ent o f V 0 2max m ay be too gross a  m ethod to determ ine the 
effects o f beta-carotene a t the cellu lar level. V 0 2nnx is a  function of 
cardiac output and the extraction o f oxygen from  the blood. O f these 
two, the one w ith  the greatest capacity to change w ith  chronic aerobic 
tra in in g  is the cardiac ou tpu t v ia  increasing stroke volum e. A ll o f the 
runners in  this investigation had been tra in in g  for m any years. 
Consequently, each o f these athletes had reached th e ir m axim um  
stroke volume prior to entering th is  study. Furtherm ore, the change in  
oxygen extraction w ould be sm all and, w ith  o n ly  eleven subjects, 
probably outside the power of the test to detect a  significant difference. 
However, im provem ent o f only a  slight m agnitude, w hile not 
statistically  significant, m ay s till dw ell w ith in  the realm  of a beneficial 
im pact when com paring tenths o f m inutes in  re la tio n  to exercise 
performance.
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As m entioned under hypothesis one, beta-carotene may exert its  
antioxidant properties a t the tissue level w ith in  the confines o f the  
lowest oxygen pressures. As such, a  m easurem ent such as VO w r w ould  
be unable to detect such a m inute detail. The effects deep w ith in  
tissues m ay provide a  supportive rationale for the use o f beta-carotene, 
however, the m easurem ent ofVOitm  w ill no t provide sufficient 
inform ation to effectively acknowledge th is  determ ination. This is no t 
to  say th a t the assessm ent o f VO? ^  was fru itless or w ithout 
foundation. The m easurem ent o f V 0 2nnx is the standard w hile analysis 
a t a cellu lar level is im practical and too invasive.
5 .4  R ating o f P erceived  E xertion  (RPE) M easures
In  add ition  to collecting the data to explore the possibilities o f 
the three hypotheses, the rating o f perceived exertion was determ ined 
for each phase o f the study. This data was accum ulated to determ ine if  
there m ight be an y  subjective benefit from  the use o f beta-carotene. It  
was theorized th a t  as a  consequence o f its  antioxidant properties, 
supplem entation o f beta-carotene w ould decrease perceived exertion  
during the 5K  ru n . Therefore, RPE was obtained during five (5) m in u te  
intervals o f the 5K  ru n .
Table 16 provides the results o f the RPE collection during the 5K  
run  a t 85-90%  effo rt, w hile Table 17 provides the descriptive statistics  
fo r each o f the five m inute intervals. Table 18 dem onstrates the 
repeated m easures ANOVA for the RPE results. Not unexpectedly, the  
pre to post RPEs were significantly d ifferent w ith in  the subjects. This  
would seem logical. In  particu lar, the em phasis was on the RPE o f the  
treatm ent condition, i.e ., the beta-carotene phase. W hen this variab le
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was calculated, there was no apparent benefit from  the ingestion o f 
beta-carotene. In  o ther words, there w as no statistically  sign ifican t 
difference in  RPEs during the treatm ent phase o f the study w ith  the  
use o f beta-carotene when compared to  baseline or placebo.
5 .5  Pood D iary M easures
Food diaries were obtained from  each participant p rio r to  each 
phase of the study. This was obtained to  estim ate the in take o f beta- 
carotene for each subject m easured in  in tern atio n a l un its . Th is was 
obtained in  order to d eterm ine  ff there w as any notable difference in  
the intake from  one subject to another an d  from  one phase to  the  
next. It  was qu ite  possible th at some ath letes m ay be ingesting m ore 
beta-carotene containing foods than  an o th er. This m ay resu lt in  a  
large discrepancy during the study depending on the ingested am ount. 
This food d iary w ould help evaluate th is  po ten tia l dilem m a. In  
reviewing the results o f the food diaries as listed  in  Tables 5 and 6 , it  
is apparent th a t no trend is present. In  fact, there is a  very w ide range 
o f ingestion am ong a ll the subjects d u rin g  each phase o f the study. 
However, the collection o f this data was usefu l. The diaries d id  verify  
th a t there was no significant difference in  th e  daily dietary 
consum ption o f 6-carotene during e ith e r th e  placebo or supplem ental 
phase of the study. These data sugges t th a t the only variab le in  the  
daily  intake o f beta-carotene occurred d u rin g  the supplem ental phase. 
Therefore, the notion th a t the d ietary in take  rem ained stable during  
the data collection is inferred. However, it  should be m ade c lear th a t 
there is a  m ark ed  variation  in  the d a ily  d ie tary  intake o f beta-carotene  
in  these subjects. In  addition, the d ie tary  in take  was m uch less th an  
daily  intake described in  the lite ra tu re . The Am erican Cancer Society
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recommends a  d ie tary  intake o f a t least 5 .0  m g/day [ 142]. The am ount 
o f beta-carotene ingested by these subjects varied from  a low o f 0 .04  
m g/day to a high o f only 1.92 m g /d ay. Previous inform ation collected 
from  a large scale study o f 121,700 subjects revealed th a t 75%  ingested 
more than  3850 IU /d a y  (2.31 m g/day) [142]. Therefore, although there 
was no sign ificant difference in  d ie ta ry  beta-carotene in take am ong 
these runners (in  m y study) as a  w hole, there was m arked ind ividu al 
variation . Therefore, it  m ay be generally stated th at they were deficient 
in  th e ir da ily  in take o f beta-carotene according to th e ir d ietary  recall. 
This suggests th a t the runners in  th is  d a ta  collection w ould benefit 
from  beta-carotene supplem entation.
5 .6  S u b jective E valuation  F ollow -up Q u estion
D uring  the course o f th is  investigation , it was noted th a t m ost 
o f the subjects could detect some effect o f the double-blinded  
ingestion. The vast m ajority o f the runn ers fe lt th a t they could note a  
beneficial effect on th e ir tra in in g  and recovery by the use o f one o f the 
unnam ed bottles. Therefore, as a  fo llow -up to the ratings o f perceived 
exertion, one las t question was asked o f each subject a t the 
conclusion o f the data  collection. Each subject was asked to determ ine 
the content o f Bottles A and B. They w ere asked to evaluate how  they 
fe lt during each phase of the study and  com pare the effort o f running , 
tra in in g , racing, and the m anner in  w h ich  they recovered from  these 
events. Interestingly, the subjects overw helm ingly correctly identified  
the bottle w ith  the beta-carotene (reca ll th a t th is  was a  double-blinded  
study). Seven o f the eleven subjects (64% ) stated th a t they fe lt better 
w hile on the beta-carotene and fe lt th a t th e ir train ing , runn ing , and  
recovery was quicker and easier. A d d itio n ally , they fe lt th a t th e ir race
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performances w ere enhanced w ith  the beta-carotene supplem entation. 
O n the other hand, a  m inority o f 27%  (3 /1 1 ) incorrectly stated th a t 
the placebo w as the bottle th a t contained beta-carotene. O nly one 
subject (9% ) fe lt th a t he could detect no difference in  e ith er bottle 
during the course o f the study. Therefore, it  is quite apparent th a t in  
deference to a  lack o f actual s ta tis tic a lly  significant analysis (w ith  
exception of the im provem ent in  5K  race perform ance), the m ajority of 
the subjects fe lt better w hile on the beta-carotene.
M oreover, it  m ay be noted from  the 5K  race tim es (Table 10), 
th a t ten o f the eleven subjects ac tu a lly  im proved. A lthough these 
differences are rath er sm all, and the o ther measured param eters failed  
to achieve s tatis tica l significance, they m ay be representative o f 
practicality ra th er than one related to statistics. In  sports w here the 
difference between w inning and losing is measured in  hundredths o f a 
second, any im provem ent is notew orthy and beneficial. A lthough data 
has been presented from  the lite ra tu re  and from m y p ilo t study th a t 
supports the notion th a t athletes m ay be relatively beta-carotene 
deficient, certain ty th is is not tru e  for a ll athletes. It  is qu ite  possible 
th a t the ath letes who dem onstrated the m ost im provem ent represented 
those w ith  the least am ount o f to ta l body beta-carotene.
Consequently, these would be the ath letes who had the m ost to gain 
by the supplem entation phase o f th is  study.
An in teresting  fin al note is in  order. O f the eleven subjects in  
th is investigation, several o f them  (seven) have continued to ingest the 
supplem ental beta-carotene. Three o f these have continued the  
supplem entation on a  dally basis. The rem aining four have ingested 
the additional 25000  IU /d a y  on an  in term itten t basis. Those who have
135
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ingested the beta-carotene on an in term itten t basis are using it  during  
periods o f Increased train ing  or increased intensity in  the w orkouts. 
These four indicate that they feel better supplem enting th e ir diets and 
seem to recovery easier as w ell. Likew ise, the three subjects who are 
using supplem entation o f beta-carotene on a  continual d a ily  basis 
state th a t they seem to note a  beneficial effect. They also ind icate th a t 
they are able to run  through th e ir w orkouts easier, tra in  harder, and 
recover fester. Two o f these la tte r subjects report th a t th e ir race tim es 
have noticeably improved. Both o f them  have noted m arked  
im provem ent in  th e ir ab ility  to ru n  faster tim es. One subject in  
p articu lar (29  years old, ru n n in g  com petitively since age 14) has run  
personal bests on two separate occasions for a  5K distance. This 
subject categorically states th at the beta-carotene has played a m ajor 
role in  his im provem ent.
C ertain ly, a t this point, some o f these reports m ay be the 
eventuality o f a psychological benefit. This is a  less likely occurrence, 
however. To date, there are no published reports in  the lite ra tu re  to 
indicate th a t beta-carotene has any m ood-altering capabilities or other 
psychological effects. A dditionally, these are the athletes w ho m ay 
respond to the use of beta-carotene w hile the others m ay n o t due to a 
possible deficient state. Moreover, it  is possible th at these subjects 
m ay have less w ell developed enzym atic antloxidant m echanism s to 
com bat free rad ical stress and therefore receive the m ost benefit.
Regardless o f the precise explanation, several subjects continue 
to use beta-carotene as p art o f th e ir tra in in g  regimen. They perceive a  
w orthw hile effect and are w illing  to continue its  use.
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CHAPTERS
SUMMARY, CONCLUSION, FUTURE DIRECTIONS
6 .1  Sum m ary
Free radicals and antioxidants have become a  frequently  
discussed topic among both lay and professional jo u rn a ls  in  recent 
years. Evidence has been accum ulating in  the scientific lite ra tu re  th a t 
suggests th a t free radicals p lay a  detrim ental role in  ce llu lar and  
subcellu lar events. This has been p articu larly  noted w ith  aerobic 
respiration and, as such, is  a  norm al phenom enon. D uring  exercise 
and increased oxygen consum ption, these detrim ental events m ay be 
m agnified due to increased free rad ical generation. The hum an body is 
endowed w ith  m echanism s to com bat the bom bardm ent o f free 
radicals, i.e ., enzym atic and  non-enzym atic m eans. C erta in  citations  
in  the literatu re suggest th a t the enzym atic m echanism s m ay not be 
adequate in  the exercising in d iv id u al. Therefore, there m ay be 
increased reliance on non-enzym atic m echanism s to  protect the cells 
from  radical-induced destruction. Likewise, there are add itional 
citations suggesting th a t th e  exercising person m ay bolster the  
existing antioxidant defenses w ith  increased ingestion o f antioxidants  
such as vitam in C, vita m in  E , and beta-carotene.
A  review of the lite ra tu re  d id  reveal m u ltip le  studies w hich  
investigated the effect o f antioxidants on free rad ical-induced damage. 
The vast m ajority o f these studies were perform ed using vitam in  C 
a n d /o r vitam in E . O nly a  han dfu l o f articles w ere found w hich  
undertook any investigation o f beta-carotene’s an tio x id an t properties.
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However, a ll o f th e  d a ta  were collected w ith in  a  m ixture of vitam ins C  
and E. U nderstandably, th is  renders the isolated effects of beta- 
carotene im possible to determ ine. As a resu lt, the antioxidant effects 
o f beta-carotene alone served as the investigative mission for th is data  
collection.
This study began w ith  the follow ing three hypotheses:
1. D uring th e  runn ing  o f a 5K  distance, even w ell-trained  
runners w ill see an  increase in  biom arkers o f oxidative stress. This w ill 
be identified by increases in  serum  M DA concentrations.
2 . O xidative stress is produced during  a  5K  race/ru n . This 
stress m ay be reduced by beta-carotene. As a  resu lt of 
supplem entation, exercise perform ance w ill be enhanced, as m easured 
by improved 5K  race tim es, compared to the norm al daily d ietary  
in take o f 6-carotene in  w ell-trained runners.
3. Supplem entation w ith  beta-carotene w ill reduce cellu lar and  
subcellular oxidative dam age. Consequently, beta-carotene 
supplem entation w ill im prove m axim um  oxygen consum ption.
The data was collected using eleven (11) subjects who were a ll 
w ell trained and ru n n in g  a t least forty (40) m iles per week. In  order to 
assure q u ality  contro l, th is  study adopted a  double-blinded cross-over 
design. These runners were random ly assigned to ingest either placebo 
or beta-carotene fo r a t least four (4) weeks p rio r to data collection for 
the particu lar phase. This was followed by th e  cross-over condition. A t 
the com pletion o f each phase, m easurem ents w ere obtained fo r M DA  
concentrations before and after a  5K  ru n  a t 85-90%  effort, race tim es 
for a  5K race, and V 0 2max. An in itia l baseline analysis was also
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performed but w as not used in  the fin a l calculations as there was no 
statistically sign ificant difference between the results obtained in  
either the baseline or placebo phases as expected. Moreover, food 
diaries collected in  the tw enty-four (24) period prior to beginning each 
phase failed to note any statistically  s ign ifican t difference in  the 
am ount o f beta-carotene consumed from  d ietary sources (excluding 
supplem entation). In  other words, the only difference between the 
beta-carotene content in  the diet in  e ith er phase o f the study was the  
supplem ented am ount.
Once a ll phases were completed and the data collected, the 
actual contents o f bottles A and B were m ade known to th is  
investigator. O nly then  were the data analyzed for statistical 
significance.
S tatistical analysis failed to dem onstrate any verification o f the  
firs t and th ird  hypotheses. There was no statis tica lly  significant 
difference in  the M DA concentrations w ith  or w ithout the use o f beta- 
carotene (25000 IU /d a y ) as compared to placebo (firs t hypothesis). In  
addition, determ ination o f V O ),^, com paring placebo vs beta-carotene 
supplem entation, fa iled  to reach any sign ificant difference in  the  
obtained values (th ird  hypothesis). A dditionally, the assessment of 
RPE during each phase did not suggest any difference when com paring 
placebo vs beta-carotene during the 5K ru n .
Significance was found in  the im provem ent o f 5K race 
performance however (second hypothesis). The data did indicate th a t 
the supplem entation o f beta-carotene resulted in  fester race times 
when compared to placebo (P = 0 .0038). This decrease in  race tim es
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was due to the beta-carotene supplem entation alone as d ietary  sources 
rem ained constant throughout the study.
Lastly, subjective evaluation o f the effectiveness o f the beta- 
carotene was im plied by the noticeable fact th a t sixty-four percent 
(64% ) o f the subjects were able to correctty identify the contents o f the  
bottles. Furtherm ore, seven of the subjects (64% ) opted to continue  
the additional beta-carotene on either a d a ily  or In term ittent basis due 
to their reported beneficial effects by its  use.
6 .2  C onclusions
The results o f th is investigation support hypothesis two, i.e ., 
th a t 5K race perform ance could be enhanced by beta-carotene 
supplem entation. In  addition, a m ajority o f the subjects noted a  
subjective advantage from  the supplem entation. However, the data  
failed to support e ith er hypothesis one o r three. No statistically  
significant increase in  M DA concentration follow ing exercise was 
found, nor was there any reduction o f M D A  by the use o f beta- 
carotene. Furtherm ore, there was no sign ificant gain w ith the 
supplem entation o f beta-carotene as a  m eans o f improving VO innx.
Therefore, although the data does support the use o f beta- 
carotene supplem entation as a means o f im proving 5K race 
perform ance, the m echanism  by w hich th is  occurs has not been 
shown.
Although th is  study failed to support two o f the three 
hypotheses, valuable inform ation was garnered by this research. 
Heretofore, no d ata  were available investigating the antioxidant effects 
o f beta-carotene alone. The inform ation presented here is the firs t to
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provide data in  th is  unexplored te rrito ry . Race perform ance was 
improved, yet the proposed reduction in  oxidative stress w as not 
found. Likew ise, the im provem ent could not be attrib u ted  to  an  
increase in  VChmax- Regardless o f the m echanism , a  m ajo rity  o f the  
subjects elected to continue the beta-carotene supplem entation  
providing a subjective testam ent to its  usefulness. The d ata  collected 
here raises m u ltip le  issues and provides insights in to  various  
directions for fu tu re  investigation. A n y one o f these m ay be pursued in  
the analysis o f beta-carotene’s ergogenic possibilities.
6 .3  Future D irectio n s
A reasonable thought m ay com bine the belief th a t free radicals 
are dam aging to our cells and th a t these sam e destructive species m ay 
be counteracted by antioxidants. Num erous studies a ttest to the 
u tility  o f n u tritio n a l antioxidant supplem entation, w hile on the other 
hand, there are contradictory results from  other num erous studies as 
w ell. This does no t necessarily ind icate th a t the existing inform ation  
is incorrect, ra th e r th a t more data is  needed. Just because a  substance 
does not a lte r the V Q w  does not m ean it  has no effect on sports 
performance.
Presently available studies d iffe r in  m any aspects, including  
study design, type and num ber o f subjects, methodology, and  types 
and dosages o f antioxidants. The resu lts  o f these studies should be 
used as a springboard to fu rth er research in  this area and to  facilitate  
the accum ulation o f data. There is a  defin ite  trend tow ard th e  
im plication th a t free radicals present a  form idable force attacking  the 
body’s defenses. C ertain 1y, it  would seem  prudent to com bat these free
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rad ical species in  a safe and expedient m anner such as in  the use of 
antioxidants. As the n a tu ra l defenses against free rad ical 
bom bardm ent are bolstered, the a b ility  o f the body to  perform  and 
in teract w ith  its  environm ent is  enhanced. O stensibly, th is  would 
prom ote the ab ility  to perform  exercise w ith  less dam age and improved 
resu lts. This type o f speculation im plores the continuation and  
extension o f current research to provide answers to the question of 
prom otion o f n u tritio n a l an tioxid ants in  fighting free rad ical 
degradation and enhancing perform ance.
The results o f th is  investigation provide evidence in  support of 
the an tioxid an t properties o f beta-carotene. However, the data  
collected here do not allow  supporting inform ation to explain its  mode 
o f action or its  effects. C onsequently, it  can only be theorized sis to the 
exact etiology o f its beneficial effect during race perform ance. The 
developm ent o f a foundation fo r the obtained results m ay serve as an 
im petus to continue th is  research. Some o f these findings w ill allow  
the in itia tio n  o f other thoughts and concerns in  the an tioxid an t 
properties o f beta-carotene and the m anner in  w hich th is  knowledge is 
gained.
For exam ple, one o f the surprising and unanticipated findings 
from  th is  study was the fa ilu re  to detect significant evidence o f 
oxidative stress via the m easurem ent o f M DA concentrations. The 
in a b ility  to detect increases in  M DA is usually understood to indicate 
th a t there was no increase in  oxidative stress, i.e ., free rad ical 
form ation. However, another question is brought to lig h t. T h at is, are 
m easurem ents of M DA alone a  reliab le biom arker o f oxidative stress in  
exercise studies? A w orthw hile endeavor would be to repeat th is  study
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using a second biom arker o f oxidative stress (e.g., pentane levels) 
a n d /o r m ore sophisticated techniques for detecting free radical 
form ation (e.g., electron param agnetic resonance spectroscopy). The 
use o f a  second confirm atory test a n d /o r direct m easurem ent o f free 
rad ical form ation w ould increase the value of the data. Such an  
analysis w ould also allow  an assessm ent of the u tility  o f M DA  
concentrations and its  re lia b ility  in  the detection o f free rad ical 
form ation, i.e ., oxidative stress. A lthough the m easurem ent o f MDA 
has become a standard in  free rad ical research, the detection of 
oxidative stress is undeniably m ore valuable when used in  concert 
w ith  a  whole battery o f oxidative dam age tests.
The failu re o f M DA m easurem ents to detect an increase in  the 
generation o f free radicals could indicate that these tra ined  athletes 
did not have an increase in  oxidative stress. As these runners have a ll 
been ru n n in g  a consistent num ber o f m iles for years, it  is possible that 
they have very w ell developed enzym atic antioxidant defenses. 
Accordingly, there w ould not be a  significant increase in  M DA  
concentration after the 5K  ru n . Therefore, it w ould be help fu l to 
m easure the actual an tioxid an t enzyme levels (e.g., SOD) as w ell as 
the M DA in  testing th is  theory. In  addition, it  w ould be help fu l to 
com pare enzyme levels in  sedentary vs active persons w ith  and w ithout 
beta-carotene supplem entation. It  has been supposed th a t the active 
person w ill require m ore an tioxidant defenses due to th e  increase in  
oxygen consum ption. However, th is m ay not be the case in  the well 
trained  ath lete as previously thought. On the contrary, it  m ay be the 
sedentary ind ividual w ith  lesser defenses, i.e ., poorly adapted  
antioxid an t enzym atic m echanism s, th a t requires an tioxidant
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supplem entation. Those persons em barking on a m ore active lifestyle 
m ay be the ones that are in  p articu la r need o f non-enzym atic means of 
com bating free radical form ation. The detection o f oxidative stress m ay 
be m ore prevalent in  these individuals. Consequently, any beneficial 
advantage o f beta-carotene m ay be more easily detected using 
sedentary subjects.
A nother possibility concerning MDA is th a t the a b ility  o f beta- 
carotene to prevent free rad ical form ation m ay not be detectable 
acutely in  the active w ell-tra in ed  subject. It  is possible th a t MDA  
levels w ill be lower w ith exercise following chronic supplem entation  
and, as such, an increase in  oxidative stress w ould only be detectable 
w ith  consecutive days o f runn ing  or longer endurance events (e.g., 
m arathon). It  may be th a t m ore intense activity is required to 
docum ent a  reduction in  oxidative stress by beta-carotene.
This study did not m easure actual serum  beta-carotene 
concentrations. Inform ation gleaned from  the lite ra tu re  indicated th a t 
the chosen protocol would insure th a t the body w ould be saturated  
w ith  beta-carotene. Regardless, it  is possible th a t some o f the subjects 
were not saturated resulting in  a decrease in  its  an tioxid an t effects. If  
th is  were true, then a significant decrease in  M DA w ould not be found. 
Furtherm ore, there m ay be subject variab ility  in  the absorption and  
storage o f beta-carotene w ith in  the body. Some o f the subjects may 
have m ore or lesser ab ility  to  absorb an d /o r store th is v itam in . It  
m ight be helpful to determ ine in testin al absorption prio r to the 
the study o f its antioxidant effectiveness as w ell as to ta l body stores.
There is the prospect th a t some individuals are “responders" to 
supplem entation, w hile others are “nonresponders". C ertain
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individuals m ay sim ply respond to the use o f beta-carotene. w hile  
others do not. O nly a large scale evaluation o f beta-carotene ingestion  
would delineate th is  possibility. Likewise, som e individuals m ay have 
varying rates o f release o f beta-carotene from  storage sites. W hen the  
need of increased beta-carotene effects are present, some persons m ay 
allow  release in  a  very expedient m anner, w h ile  others may require the  
developm ent o f a  new "receptor" or transport m echanism  to allow  its  
liberation. If  release is a  very slow process, then  any acute effects m ay 
be undetectable w ith  no perceptible im provem ent in  param eters such  
as those m easured in  th is  study.
It  was previously discussed th a t there is  interaction between the 
antioxidant vitam ins C and E. This is  a know n occurrence. A t present, 
there is no data th a t reports on any beta-carotene interaction w ith  
any other antioxidant. Th is possibility does exist and may represent a  
previously unknow n source o f benefit o r detrim ent in  the activity o f 
beta-carotene. This study did not undertake to  determ ine the content 
o f vitam in C or v itam in  E in  the diet or in  the subjects themselves. 
However, even if  no In teraction  does exist, the to ta l body stores o f 
these two antioxidants could play a role in  com bating free radicals and  
th e ir resu ltant oxidative stress. Could some o f these subjects have very 
high levels w ith  concom itant m axim izing o f an tioxid an t effects by 
these vita m in s?  I f  these vitam ins were a t such high levels, could there  
be any detectable consequence o f beta-carotene supplem entation? This 
investigation does not provide answers to these questions. Further 
analysis o f beta-carotene’s antioxidants effects should consider th is  
possibility w ith  m easurem ent o f the concentration o f vitam in C and  
vitam in E in  the d ie t and  in  the body.
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This study u tilized  only eleven subjects and, although m ost 
reports have used less subjects than th is , m ore subjects w ould 
certain ly increase the likelihood o f discovering a plausible explanation  
o f the proposed hypotheses. A  follow -up study o f th irty  or more 
subjects w ould perhaps provide support to  the proposed speculation.
In  addition, th e  evaluation could include both athletes and sedentary  
individuals, and com pare the effects o f tra in in g , o f exercise du ration , 
and severity o f m etabolic challenge.
In  order to avoid any environm ental influences, th is study could 
be repeated using a  treadm ill for a ll the runn ing data, or a  bicycle 
ergom eter using tra in ed  cyclists (collecting a ll the data in  a  clim ate  
controlled setting). However, clim ate controlled settings m ay disallow  
a  potential source o f detectable usefulness. Those who exercise a t high 
a ltitu d e or in  po lluted a ir  m ay show actu a l enhancem ent o f 
perform ance by the use o f beta-carotene due to its  antioxidant 
properties. Th is is an  area o f potential investigation. In  add ition , the 
use o f s im ila r subjects w ith in  a narrow  age range (e.g., 30 -35  years old) 
w ould avoid the confounding factor o f the aging process in  older 
subjects.
A  long-term  study following runners for one to two years and  
m onitoring th e ir race performances w ith  periodic m easurem ents o f 
M DA and V 0 2mix w ould account for any unforeseen variations in  
lifestyle, tra in in g, diet, etc. MDA concentrations may represent a  very- 
subtle biom arker. Ongoing and repetitive m easurem ents w ould allow  
detection o f m eager, perhaps significant, changes. Moreover, prolonged 
m onitoring o f d ie tary  consum ption o f a ll antioxidants w ould perm it
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analysis o f an tio x id an t interactions o r m arked variations in  
consum ption. These observations could also include determ ination o f 
dietary fa t in take . Beta-carotene is a  fat-soluble substance and, as a  
consequence, its  in testin al absorption is affected by fat in take. Any 
analysis o f beta-carotene’s capabilities w ould be influenced by fat 
w ith in  the d ie t. This aspect o f beta-carotene was not determ ined in  
th is study.
One in teresting  speculative thought concerns the potential o f a  
psychological benefit o f beta-carotene. C ould beta-carotene affect 
neuronal synapses w ith in  the brain? C ould th is effect cause mood 
enhancem ent resu lting  in  improved perform ance? There is no data to 
support th is  theory, yet it  Is known th a t even placebos m ay aid the 
body in  various ways. This study was such th a t any placebo effect was 
theoretically negated by the double-blinded cross-over design. However, 
the possibility o f a  yet undiscovered psychological benefit does exist.
A nother speculative suggestion involves the potential o f any 
horm one-like action  or other sym pathetic stim ulatory activity. Does 
beta-carotene have any epinephrine-like effects? If  so, then this could 
perhaps exp lain  the improved 5K  perform ance w ith no significant 
effects on oxidative stress or VQ w . C ould beta-carotene have any 
stim ulatory effects on the sym pathetic nervous system? If  so, then  
sim ilar to any possible epinephrine-like effects, this could explain the 
failure to detect any decrease in  oxidative stress or im provem ent in  
V Q w  w hile 5K  race performance im proved. Could beta-carotene serve 
in  a synergistic capacity, interacting w ith  some other substance, to 
result in  ergogenic advantages? Could beta-carotene have some
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unknown analgesic quality? If  so, then athletes would be able to 
w ithstand increased physical efforts, suffer less pain and discom fort, 
and enjoy im proved athletic a b ility  in  excess o f th e ir usual 
capabilities. Does th is vitam in A precursor have some undiscovered 
ab ility  to prevent fatigue, either physiologically or psychologically? 
Could there be some ab ility  to prom ote the healing o f m uscle tissue 
during chronic exercise allowing fo r m ore intense tra in in g  and, hence, 
improved tim es in  a  5K run? Is it  possible th at beta-carotene 
influences local blood flow v ia  reduction o f ROS or some other 
mechanism? W hile increased blood flow  m ay not cause a  rise in  V Q w . 
it  m ight serve as an ergogenic aid  v ia  improved rem oval o f waste 
products o f m etabolism . Perhaps th is  could be m easured v ia  serum  
lactate or a m m o n ia  levels (although the samples m ay be too d ilu te  to 
show significance). A ll of the above w ould go undetected by such 
measures as M DA or V O ^ . These questions do not have answers but 
allude to areas o f research w hich w ould fu rth er the w ork o f the current 
investigation.
Beta-carotene is but one o f over 600 carotenoids found in  
nature. O nly about fifty  (50) have been shown to possess provitam in A  
activity. The m ost active, and often m ajor, provitam in A  carotenoid is 
a ll-trans 6-carotene. Could there be some type o f in trace llu lar 
conversion to some other form  follow ing absorption resu lting  in  
decreased antioxidant capacity? C ould beta-carotene require some 
conversion in to  another form  w ith in  the cell to exhib it its  antioxidant 
properties? Are certain prerequisite in tracellu lar conditions necessary 
for th is to occur? Is it  possible th a t w ith ou t this conversion, some
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effect o f beta-carotene w ill occur, w hile its an tioxidant a b ility  w ill be 
im paired? The lim ited available research did not undertake to study 
these possibilities.
Lastly, could beta-carotene aid  oxygen delivery in  the tissues or 
act as a  m em brane stab ilizer unrelated  to its  ab ility  as an  
antloxidant? Previous research has noted beta-carotene’s ab ility  in  low  
oxygen pressures. However, m ight there be some a b ility  to improve 
oxygen delivery deep w ith in  th e  active tissues w hich a id  in  
perform ance? Could there be some effect on red blood cells and its  
hem oglobin’s ab ility  to carry and release oxygen? Does th is  provitam in  
in teract w ith  cell w all structures in  such a w ay as to function  as a  
m em brane stabilizing supportive structure? Perhaps th is  would serve 
as a  protective m echanism  against organelle disruption, such as 
m itochondria, due to intense ac tiv ity  unrelated to free rad ical 
form ation. Could beta-carotene have some ab ility  to a id  in  the repair 
o f cell m em branes once they are dam aged distinct from  its  antioxidant 
properties? A ll o f these questions rem ain speculative and, as yet, 
unanswered.
C ertainly, th is Investigation has been a productive undertaking. 
No studies were previously availab le to evaluate the an tioxidant effects 
o f beta-carotene alone. Some o f the results obtained in  th is  study are 
encouraging, however, m uch un certa in ty  persists in  the fin a l analysis. 
A lthough it  rem ains to be seen w hat precise role beta-carotene plays in  
the body’s fight against free rad ica l damage, this data should serve as 
a  tem plate for continued investigation.
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APPENDIX A  
FOOD DIART QUESTIONNAIRE
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24-H O U R  RECALL o r  FO O D  DIARY
Please fill out the 24-hour dietary recall or food diary on three separate 
days.
Try to do it the same day of the week p rio r to beginning each phase of the 
study.
Pick days th at make up the usual type o f meals that you norm ally eat. 
Follow the instructions as best you can.
This can be done one of two ways.
1) You can w rite down what you had the day before, or
2) You can w rite it  down as you eat the food, or drink, etc.
(I would prefer the second one!)
W rite down the day of the week th at you are w riting down.
Also w rite down the date as well.
Do follow the num ber of the sheet as noted: 1st, 2nd, 3rd.
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Principle
The purpose of (he twenty-four-hour recall is to 
provide information on the respondent’s exact 
food intake during the previous twenty-four-hour 
period or preceding day. Such' information 
can‘be used to characterize the mean intake of 
a group. - If habitual intakes of individuals are 
required,'however, multiple replicate twenty-four- 
hour recalls must be used.
The twenty-four-hour recall is conducted in Jour 
sages using a standardized protocol. In the first 
stage, a complete list of all foods and beverages' 
consumed during the previous twenty-four-hour 
period or preceding day is obtained. In the 
second sage, detailed descripdons of all the foods 
and beverages consumed, including cooking meth­
ods and brand names (if possible) are recorded, 
together with the' time and place of consumpdon. 
In the third sage, estimates of the* amounts of 
all foods and beverages consumed are obtained. 
Finally, in the fourth’ sage, the recall is reviewed to 
ensure that all items have been recorded correctly.
The advqnagcs of the twenty-four-hour recall 
method include low respondent burden, high 
compliance, low cost, ease and speed of use, use 
of a standardized interview, an element of surprise 
' (so that the respondent is less likely to modify 
his or her eating habits), and its suitability for 
illiterate respondents. Disadvantages include its 
reliance on memory, making it an unsatisfactory 
method for the elderly and for young children. 
Errors in the estimadon of portion sizes of foods 
also occur, but can be reduced by using food 
models of various types to assist the respondent. 
Graduated food models axe preferred because 
their use tends, to prevent ‘directed’ responses, 
a phenomenon observed when simulated plas­
tic food models representing ‘average’ portion 
sizes are used (Samuelson, 1970). The flat slope 
syndrome may be a problem In the twenty-four- 
hour recall method (Gcrsovitz. et aL, 1978): in 
this syndrome, individuals appear to overestimate 
• low intakes and underestimate high intakes— 
sometimes referred to as “talking a good diet*. 
Subjects completing single*twcnty-four-hour recalls
are likely to omit foods which are infrequently 
consumed.
' When conducting the interview, both interper­
sonal and technical skills are important: for exam­
ple, the interview must always be conducted with 
an open and pleasant manner, with the aim of 
being friendly, diplomatic, empathetic, and deter­
mined, as appropriate.
If possible, the interview should be conducted 
somewhere quiet. The interviewer should start- 
• by establishing a rapport with the respondent, 
who should be told that questions will cover all 
the food and beverages consumed during the 
preceding day with emphasis on the pattern of 
eating. Stress that all responses will be confi­
dential and emphasise the importance of provid­
ing the correct information. Avoid asking ques­
tions about specific meals (e.g. breakfast,-lunch, 
supper) or about snacks. Avoid showing any 
signs of surprise, approval, or'disapproval of the 
subject’s eating pattern (i.e. be non-judgemental 
at all times). Respondents should not be told 
in advance that a twenty-four-hour recall will be 
conducted on a particular day’s food intake to 
avoid any changes in the food intake of the subject 
The success of the twenty-four-hour recall 
depends on the subject’s memory, the ability of 
theirespondent to convey accurate estimates of 
portion, sizes consumed, the degree of motivation 
of the respondent, and the skill and persistence of 
the interviewer (Achesoa et aL, 1980).
Stage 1: Recall o f foods and drinks consumed
The recall interview, should commence with the. 
first food' and/or drink consumed in the morn­
ing. The interviewer should use neutral questions 
such as:
I  would Eke you to tell me what you had to eat or 
drink after you woke up yesterday morning,: Yfhal 
was the tim e l D id  you eat th a t food  a t home?
W hat d id  you haue next and when was that?
Proceed through the day, repeating these ques­
tions as necessary, and record each food or 
.- drink consumed in the appropriate column of the 
twenty-four-hour recall form
1 6 4
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Stage 2: Description o f foods and 
drinks consumed
During this sage, the interviewer should go over 
each of the responses made by the respondent, 
probing for more specific descriptions of all the 
foods and drinks consumed, including cooking 
methods and (if possible) brand names. These 
details are recorded in the third and fourth 
columns of the form (Table 1.2). Information 
on the place and time of eating should also be ■ 
obtained and recorded in the first two columns. 
For homemade composite dishes, the amount of 
each raw ingredient, used in the recipe should 
be recorded, the number of serving sizes for the 
recipe, and the amount of-the composite dish 
consumed by the subject.
Guidelines for appropriate prompts for specific 
food items are given below:
• 'mean
■ -  kind of meat _
-  description of cut
-  raw or cooked weight
-  method of cooking _
-  lean or lean.+ fat.
-.bone in or not (vasts factor)
• fish/seafood:
-  kind of fish/sea food
-  raw or cooked weight •
-  method of cooking
-  bones/skin/shell (waste factor)
• poultry:
-  kind of poultry-
-  parts or pieces .eaten (e.g. breast, thigh)
-  raw or cooked weight
-  method of cooking
-  white or dark meat
-  meat+ skin or meat only
-  bones (waste'factor)
• fats:
-  kind of fat
-  brand name (if possible)
- • milk products
-  kind of dairy product
-  brand name (if possible)
-  percentage fit (as butter fat or milk fit)
• cheese:
- .type (Edam, Swiss, cream, etc.)
-  percentage fat (if possible)
• bread/rolls:
-  type of grain (rye, wholewheat, etc.)
-  homemade/bought
-  size: standard or unusual
-  toasted or not
-  topping/condiments
• baked goods-':/. j . . / -V
-  typebfi*rodi«£;£v-^ /  ..1.
-  whether iced or not •
-  homemade or commercial -
-  type of filling - .-'- - ' '
• cereal/pasta/rice: . • - . .V . '
-  type of grain .. . 
brand name. i-v ’:
-  raw or cooked weight;/.-. .
-  enriched or not “





-  method of cooking
-  topping (butter, etc.)
•  fruits:
' -  fresh/frozen/canned
-  peelcd/unpeeled
-  type of liquid (heavy, light)
-  sweetened/unsweetened
• beverages/soup:
-  volumetric or fluid ounces
-  size of can or bottle
-  fresh/frozen/canned/bottled 
fruit juice: sweetened/unsweetened
-  added vitamins/minerals (e.g. VIl C)
-  coffee: brewed, instant, decaffeinated, 
regular
-  soups: homemade/canned
-  soups: dilutant (milk/water)
• take-out foods:
-  restaurant name
-  fopd/beverage name
* -  size of portion (small, medium, large)
-  condiments added
• candies, etc: ;..
- -  brandnam e ]
-  size, pxjee, of amount ; *
165
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• mixed dishes:
— produce name .
— homemade or commercial . . . .
Stage 3: Estimation o f amounts '
■ Quantities can be recorded by the interviewer • 
as volumes—milliliters, pints, cups, etc; or as 
weights—grams, pounds, ounces, etc Then 
convert all amounts to the equivalent number
. of grams.
• Use graduated food models (Fig. 1.1), such as 
those developed by Nutrition Canada (Health 
and Welfare Canada, 1973), to assist the 
respondent in estimating amounts. Display 
only appropriate models and emphasize that 
they are only a guide.
• Household cups, glasses, bowls and spoons, 
familiar to the respondent, can also be used-, 
to estimate amounts. If used, these should be - 
calibrated.
• A ruler can be useful for estimating the thick­
ness of slices of meat, cheese, and cake.
• Use counts for eggs and slices of bread.
Nl^n 
OUm. -  iq j cm 120 so era 
S O B * tOSS cm
Models lo r use in  the estimation o f portion size
Stage 4: Review of interview data
Ac the.end o f the interview, it is important that 
the interviewer reviews the recall to ensure that 
all the items-have been recorded correctly. This 
can be accomplished using a statement such as the 
following:
- I  w ill read back to you what I  have recorded to make
sure th a t I  haoc n o t made any mistakes.
Finally the respondent should be ackerf about the 
use of vitamin and mineral supplements, protein 
or diet drinks and also asked in a non-threatening 
manner about any alcohol consumed, e.g.
D id  you have any a lcoholic d rinks d u rin g  the d a y l
Enquire abouc anything consumed in the middle 
of the. night. As a final check, the interviewer 
should'scan the-recall in case any food groups 
have been omitted and should politely enquire 
abouc any missing items (e.g. meat or milk). The 
interviewer should then ask the subject whether 
the day of the recall represented a ‘normal* day. 
At the end of the interview, the interviewer should 
thank the respondent for his or her time and co­
operation. '
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Date Day o f the week 
Subject ID No. Name of Subject






















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX B
RATINGS OF PERCEIVED EXERTION
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R atin gs o f P erceived  E xertion  (RPE)
6
7 ...very, very light 
8
9 ...very lig h t 
10
11 ...fa irly  lig h t 
12
1 3 ...som ewhat hard
14
1 5 ...hard  
16
17 ...very hard  
18
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T h e  p u rp o s e  o f  t h is  l e t t e r  i s  t o  r e q u e s t  p e rm is s io n  t o  u s e  
f ig u r e  8 o n  p a g e  1 9 8  fro m  th e  t e x t -  N u t r i t io n -  i n  E x e rc is e  an d  
S p o r t , 2 n d  e d i t i o n .  T h is  f ig u r e  i s  fro m ' C h a p te r  9 e n t i t l e d  "T h e  
S ig n if ic a n c e  o f  V ita m in  S an d  F r e e  R a d ic a ls  i n  P h y s ic a l 
E x e r c is e ” . T h e  b o o k  i s  c o p y r ig h te d  i n  th e  y e a r  1 9 9 4 .
T h a n k  y o u  i n  a d v a n c e  f o r  y o u r  c o n s id e r a t io n .
S in c e r e ly ,
K im  E d w ard  L e B Ia n c , M .D ., FACSM
Permiului Is grated, n&Jset te tti fifliwteg
terms sod cnuQtlans:
Pcnngnoo a  granted for poc-rime reproduction o f the specified
f a r t h g p m p n t r i r i g l i g M t r d m y r a i r o p g p r a l r e q t i e r a m  
does n o t  extend to futose edmoas o f t o u t  Wade
CRC PRESS. UC twmnmm n»W
m ait be obtained from osgtnal copyright holder foe
S I  'jQdL&UjeJL
DIPLOMATS OF AMERICAN BC
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L D P P IN C O T T  
W T T J IA M S / £ ■ 
W IL K IN S
Pcm W ow  O c fa n a m  
T d : 215-413-4063 
Euc2I5-23S-4419
July27,1998
Kan Edward LeBIanc, M D , FACSM 
100 Champaffie Blvd.
Breaux Bridge, I X  70517 
SENT VIA FAX: 31&-332-4074
Dear Dr. LeBIanc:
Pennissiaa it  hereby granted to include Figures 5.8,10.5, and 10.6 from
Champs PC, Harvey RA,£tjgp&ic0rr*r7Z&csar«iferfJZevfoi*rilwcfteiirfsny. 1994; Philadelphia: 
J.B. Lippmcote 68,114
la your dissertation, using the standard format and footnotes suggested in  the UNIVERSITY OF 
CHICAGO STYLE MANUAL or those required by your university.
However, i f  the dissertation is selected for conwKiculp ablitation and a contractual agreement has been 
signed, then you should submit your formal permission request to this office.
Hus course o f action matt be taken since many times representation o f the copyrighted material nay  
change between the time a thesis is submitted and the date that a contractual arrangement for publication 
has been secured.
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K im  Edward LeBIanc, M .D .
FAAFP FACSM 
Primary Car* Sports Medlein* 
FtraBy Praclk*
100 CHAMPAGNE BLVD. 
BREAUX BMDGE. LA 70S17
May26.1998
Lea &  Fehiger 
Williams & Wilkins
Rose Tree Corporate Center. Building n 
1400 North. Providence Road, Suite 5025 
Media, PA 19063-2043
Re: Permission, to copy
Dear Lea & Febiger,
I  am presently a doctoral candtrfate at the Louisiana State University in 
Baton Rouge, La. in the department of Kinesiology. Although I already possess 
a Doctor dzMedielne degree, I have been pursuing a  PhJ3. degree m Exercise 
Physiology. At the present ttme, I am writing my dissertation which has 
prompted this correspondence.
My area of research involves the effects of beta-caxotene on oxidative 
stress and exercise performance. Consequently, my dissertation will involve 
several references to free radicals and nutrition.
The purpose of this letter is to request permission to use one figure from 
the textbook entitled “Modem Nutrition in health and disease". It is the eighth 
edition and is edited by Maurice E. Shlls, James A  Olson, and. Moske Shlke.
The copyright year is 1994.
The figure to which 1 am referring is Figure 33-9 found on papeSOQ- U
.Thank you for your attention and consideration in this matter.
Sincerely,
Khn Edward LeBIanc, MJX, FACSM
ovunun OF AMERICAN WOAXD OF FAMILY rXACTTCTC
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i K im  Edw ard LeBIanc, M .D .FAAFP FACSM 
Primary Care Sports Medicine 
Family Practice
100 CHAMPAGNE BLVD. T a£P H 9 ^  g J S U S S
BREAUX BRIDGE. LA 70517 FAX 131 “ > 332-4074
J u ly  6 ,  1 9 9 8  
L o r i B a rb e r
T he A m e ric a n  J o u r n a l o f  C l in ic a l  N u t r i t io n  
9 6 5 0  R o c k v ille  P ik e  
B e th e s d a , MD 2 0 8 1 4 -3 9 9 8
R e: P e rm is s io n  t o  c o p y
D e a r M s . B a rb e r ,
I ' am p r e s e n t ly  a  d o c to r a l c a n d id a te  a t  th e  L o u is ia n a  S t a t e  
U n iv e r s it y  in  B a to n  R o u g e , L a  in  th e  d e p a r tm e n t o f  K in e s io lo g y .
A t th e  p r e s e n t  t im e , I  am w r it in g  sty d ls B e r ta t io r i_wh. i r ly j ia s  
p ro m p te d  t h is  c o rre s p o n d e n c e . "
T h e  p u rp o s e  o f  t h is  l e t t e r  is  to  re q u e s t p e rm is s io n  tfa  u s e  a  
f ig u r e  fro m  y o u r  A JC N . T h is  f ig u r e  w i l l^ b e  u s e d  in  my_ 
d is s e r t a t io n  o n ly .
/  T h e  f ig u r e  i n  q u e s t io n  is  fro m  a n  a r t i c l e  e n t i t l e d  " A c t io n
'S sty o f A s c o r b ic  A c id  a s  a  s c a v e n g e r o f  a c t iv e  a n d  s ta b le  o x y g e n  
■ *W C \ra d ic a ls "  b y  B ts u o  N ik i  (Am J  C lin  N u tr  1 9 9 1 ;5 4 :1 1 1 9 S -2 4 S ) .
O L l 's p e c i f ic a l ly , i t  i s  f ig u r e  6, r e g e n e r a t io n  o f  to c o p h e ro l fro m  
to c o p h e ro x y l r a d ic a l  b y  a s c o rb ic  a c id  fo u n d  o n  p a g e  1 1 2 2 S .
T h a n k  y o u  f o r  y o u  a t t e n t io n  an d  c o n s id e r a t io n  i n  t h is  
m a t te r .
S in c e r e ly ,
K im  E dw ard  L e B Ia n c , M .D ., FACSM
Permission granted by the copyright owner 
provided compteta credit is given to the 
original source: OAnLJ.C8n.NutE. 
American Society for Clinical Nutrition.
DIPLOMATS OF AMERICAN BOARD OF FAMILY PRACTICE
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G a tfa n r f  P nK K A tw g T f  
19 Union Square W ot
Tim e 2 , 1998 New York. NY KXXD-3382
-- Ttt 2O-414-06S0
Rdc 20-414-0659
Dr. Kim Edward LeBIanc
100 Champagne Blvd. h c^ /w w w ^ ^ ^
Breaux Bridge, LA 70517
Dear Dr. LeBIanc, ; :
s/r A• v  • -
Thank you for your recent correspondence. We axe able to grant permission for you to 
use figure 14-31 from the third edition of Alberts, et. aL Molecular Biology of the Cell. We 
understand this material is to be used in your upcoming Ph.D. dissertation for your 
Exercise Physiology degree, and submitted for publication at some later date.
Perm ission is  granted fo r this use o n ly  and is free o f charge. Proper credit must be 
given to the authors and to Garland Publishing. Include in your citation the title, date, 
and page numbers that ea st Garland does not acknowledge any previously published 
source for this materiaL
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HUMAN KINETICS
1607 North Moricet Street • P.O. Box5076 • Champaign L 61825-5076 • (217)351-6076 • Fax (217) 351-2674 • humankONauacam
June 15,1988
Kim Edward LeBIanc, M.D.
100 Champagne Blvd.
Breaux Bridge, LA 70517
Dear Dr. LeBIanc:.
Thank you for your inquiry concerning use of material published by Human Kinetics. We 
are pleased to grant you permission tor this one-time use, for non-exclusive rights in all 
languages, based on the following condition: use of the designated credit fine.
CREDIT LINE:
Reprinted by permission from Karlsson, Jan, 1997, Antioxidants and Exercise, 
(Champaign, IL: Human Kinetics). 46.
You have permission to print this item in your dissertation according to the above 
guideEnes, but before it is pubEshed in a Journal or book, another request must be 
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K im  Edw ard LeBIanc, M .D .
FAAFP FACSM 
Primary Care Sports Medicine 
Family Practice m
100 CHAMPAGNE BLVD. 
BREAUX BRBGE, LA 70517
TELEPHONE (318) 332-2242 
FAX (318) 332-4074
J U ly  IS ,  1998
P e rm is s io n s  E d ito r
Journal o f  The American D ie te t ic  A ssociation  
2 1 6  W . J a c k s o n  B lv d .
C h ic a g o , XL 6 0 6 0 6 -6 9 9 5
R E: P e rm is s io n  to  c o p y
D e a r P e rm is s io n s  E d i t o r ,
I  am w r i t in g  t h is  c o rre s p o n d e n c e  to  r e q u e s t p e rm is s io n  to  
c o p y  a  f ig u r e  fro m  a  p a s t  jo u r n a l is s u e . I t  w i l l  b e  u s e d  in  
w r i t in g  my d is s e r t a t io n  f o r  my P h .D . in  E x e r c is e  P h y s io lo g y  fro m  
L o u is ia n a  S ta te  U n iv e r s it y  i n  B a to n  R ou ge.
T h e  f ig u r e  t o  w h ic h  I  am r e f e r r in g  i s  f ig u r e  1  (p a g e  6 9 4 )  
w h ic h  a p p e a re d  i n  th e  a r t i c l e  e n t i t le d  "U p d a te  o n  th e  b io lo g ic a l  
c h a r a c t e r is t ic s  o f  th e  a n t io x id a n t  m ic r o n u tr ie n ts : V ita m in  C , 
v ita m in  S , a n d  th e  c a ro te n o id s "  ( J  Am D ie t Assoc. 1996; 96:693 - 
702) .  T h is  a r t i c l e  w as w r i t t e n  b y : C h e ry l L . R o c k , R o b e rt A . 
J a c o b , a n d  P h y l l is  B . B ow en.
T h a n k  y o u  in  a d v a n c e  f o r  y o u r  a t t e n t io n  a n d  c o n s id e r a t io n  in  
t h is  m a t te r .
S in c e r e ly ,
K im  E dw ard  L e B Ia n c , M . D . , FACSM
pBnnla8lnnt»ni»fc«»M» *. The cm * *■ «»■ «**•■ *
AMpwAU nirTcnCASSfieumON.VU.__: ——  ——
? ?
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VITA
Kim  Edward LeBIanc is a practicing physician specializing in  
sports m edicine and fam ily practice. He is board certified in  fam ily 
practice and holds a C ertificate o f Added Q ualifications in  Sports 
M edicine. In  addition, he serves as team  physician for the U niversity of 
Southwestern Louisiana (a ll sports), the Louisiana IceGators 
(professional ice hockey), and the Lafayette Swam pCats (professional 
indoor soccer). He holds a clin ical associate professor faculty  
appointm ent in  the D epartm ent o f Fam ily M edicine at the Louisiana 
State U niversity M edical Center in  New O rleans and the University 
M edical C enter in  Lafayette, Louisiana.
D r. LeBIanc is a Fellow o f the A m erican Academy of Fam ily 
Physicians and a Fellow  of the Am erican College of Sports M edicine.
He has published over a dozen articles in  professional journals, 
authored chapters in  various m edical texts, and lectured both locally 
and nationally on sports m edicine topics. He has participated in  
several research projects bu t has a keen in terest in  the use of 
antioxidants in  the enhancem ent of exercise perform ance and disease 
prevention.
As a resu lt o f h is interest in  sports m edicine. D r. LeBIanc m ade 
the decision to expand his knowledge base and research skills by 
pursuing the Doctor o f Philosophy degree in  Kinesiology. His em phasis 
was in  the branch o f exercise physiology. He has accomplished th is  
goal and w ill be aw arded the degree o f D octor o f Philosophy at the 
commencement exercises to be held on Decem ber 18, 1998.
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